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(57) ABSTRACT

Fabricating a semiconductor includes depositing a metal
layer outwardly from a dielectric layer and forming a mask
layer outwardly from a first portion of the metal layer. Atoms
are incorporated into an exposed second portion of the metal
layer to form a composition-altered portion of the metal
layer. The mask layer is removed from the first portion of the
metal layer and a barrier layer is deposited outwardly from
the metal layer. A poly-Si layer is deposited outwardly from
the barrier layer to form a semiconductor layer, where the
barrier layer substantially prevents reaction of the metal
layer with the poly-Si layer. The semiconductor layer is
etched to form gate stacks, where each gate stack operates
according to one of a plurality of work functions.
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SEMICONDUCTOR STRUCTURE AND METHOD
OF FABRICATION

TECHNICAL FIELD

[0001] This invention relates generally to the field of
integrated circuit fabrication and specifically to a semicon-
ductor structure and method of fabrication.

BACKGROUND OF THE DISCLOSURE

[0002] Transistors are generally fabricated by forming
gate stacks on a semiconducting substrate. A gate stack
typically includes a layer of polycrystalline silicon (poly-Si)
on a gate dielectric. The poly-Si layer may be doped in order
to set the work function of the poly-Si and reduce its
resistivity. This technique of gate stack fabrication, however,
may result in the formation of a relatively thick depletion
layer. The thick depletion layer may cause a reduction in the
overall gate capacitance, which may decrease the drive
current of a device, resulting in the degradation of device
performance. Thus, it may be challenging to dope poly-Si to
a sufficiently high level to minimize depletion.

[0003] Known techniques to reduce this effect of the
depletion layer may include increasing the doping level of
the poly-Si. This known technique, however, may be diffi-
cult to implement because there is a limit to the number of
carriers that can be attained by doping. Another known
technique may involve using a metal layer instead of the
doped poly-Si layer to increase the overall gate capacitance
and to reduce the formation of the depletion layer. This
technique, however, may be unsatisfactory because the
metal may react with adjacent layers when exposed to high
temperatures during a fabrication flow. The effect of the
reaction of the metal with an adjacent layer may be reduced
by using a thick metal layer or by limiting the thermal
budget of the device, both of which may also affect the size
and performance of the semiconductor device. Conse-
quently, known techniques for fabricating a semiconductor
structure may be unsatisfactory in certain situations.

SUMMARY OF THE DISCLOSURE

[0004] In accordance with the present invention, disad-
vantages and problems associated with previous techniques
for fabricating a semiconductor structure may be reduced or
eliminated.

[0005] According to one embodiment, fabricating a semi-
conductor includes depositing a metal layer outwardly from
a dielectric layer and forming a mask layer outwardly from
a first portion of the metal layer, where the mask layer masks
the first portion of the metal layer. A plurality of atoms is
incorporated into an exposed second portion of the metal
layer to alter the composition of the metal layer. The mask
layer is removed from the first portion of the metal layer and
a barrier layer is deposited outwardly from the first portion
and the second portion of the metal layer. A poly-Si layer is
deposited outwardly from the barrier layer to form a gate
film stack, where the barrier layer substantially prevents
reaction of the metal layer with the poly-Si layer. The gate
film stack is etched to form a gate stack structure that
includes a first gate stack and a second gate stack, where the
first gate stack includes at least part of the first portion of the
metal layer and operates according to a first work function,
and where the second gate stack includes at least part of the
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composition-altered portion of the metal layer and operates
according to a second work function by virtue of the
composition alteration.

[0006] Certain embodiments of the invention may provide
one or more technical advantages. A technical advantage of
one embodiment may include a barrier layer that prevents
reaction of the metal layer with adjacent layers in order to
inhibit the formation of metal compounds. Use of a barrier
layer may allow the use of a metal layer in semiconductor
fabrication, while maintaining the integrity of the metal
layer throughout the thermal budget of the device. Another
technical advantage may be that a thin metal layer may be
used, which may allow for more effective etching of the gate
stack. Yet another technical advantage of one embodiment
may be that a dual work function gate structure using metal
gates may be obtained. Yet another technical advantage of
one embodiment may be that a metal layer may be used to
effectively control implantation of atoms into the metal
layer, which may prevent possible damage to the gate
dielectric.

[0007] Certain embodiments of the invention may include
none, some, or all of the above technical advantages. One or
more other technical advantages may be readily apparent to
one skilled in the art from the figures, descriptions, and
claims included herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] For a more complete understanding of the present
invention and its features and advantages, reference is now
made to the following description, taken in conjunction with
the accompanying drawings, in which:

[0009] FIGS. 1 through 7 are a series of schematic
cross-sectional diagrams illustrating an embodiment of a
method for fabricating a semiconductor structure in accor-
dance with the present invention, where:

[0010] FIG. 1 illustrates a metal layer deposited out-
wardly from a dielectric layer;

[0011] FIG. 2 illustrates a mask layer formed outwardly
from the metal layer 12 protect at least a portion of the metal
layer;

[0012] FIG. 3 illustrates a process to locally change the
film composition of an exposed portion of the metal layer;
[0013]

[0014] FIG. 5 illustrates a barrier layer deposited out-
wardly from the metal layer;

[0015] FIG. 6 illustrates a poly-silicon (poly-Si) layer
deposited outwardly from the barrier layer; and

[0016] FIG. 7 illustrates formation of a gate structure
having dual work function metal gates.

FIG. 4 illustrates removal of the mask layer;

DETAILED DESCRIPTION OF THE DRAWINGS

[0017] Embodiments of the present invention and its
advantages are best understood by referring to FIGS. 1
through 7 of the drawings, like numerals being used for like
and corresponding parts of the various drawings.

[0018] FIGS. 1 through 7 are a series of schematic
cross-sectional diagrams illustrating an embodiment of a
method for fabricating a semiconductor structure. The
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method illustrated in FIGS. 1 through 7 may be used to
fabricate p-channel metal oxide semiconductor (PMOS) and
n-channel metal oxide semiconductor (NMOS) devices.

[0019] Transistors are typically fabricated by forming gate
stacks on a semiconducting substrate. A gate stack typically
includes a layer of polycrystalline silicon (poly-Si) on a gate
dielectric. The poly-Si layer may be doped with different
dopants in order to set the work function of the poly-Si and
reduce its resistivity. For example, boron may be used to set
the work function of the poly-Si for PMOS transistors, and
phosphorous may be used to set the work function for
NMOS transistors.

[0020] This technique of gate stack fabrication, however,
may result in the formation of a depletion layer that is
thicker than desired for ultra-scaled transistors. The solubil-
ity limit of the dopants in the poly-Si may lead to a carrier
concentration lower than that required to decrease the deple-
tion to negligible levels, which may result in a thicker
depletion layer. The depletion layer may cause a reduction in
the overall gate capacitance, which may decrease the drive
current of a device, resulting in the degradation of device
performance. The dopant concentration may be increased by
using higher activation temperatures, but this may be
impractical since the thermal budget of CMOS devices is
decreasing rather than increasing. The illustrated embodi-
ment, however, may allow for sufficient doping of the
poly-Si layer to reduce depletion.

[0021] Referring to FIG. 1, a metal layer 12 is deposited
outwardly from a dielectric layer 10 disposed outwardly
from a silicon substrate 5. Silicon substrate 5 may comprise
silicon or any other suitable semiconductive material.
Dielectric layer 10 may comprise an insulator material such
as silicon dioxide (SiO,). Any other material suitable for
forming a gate oxide layer may be used, such as HfSiON,
ZrSiON, HfON, or ZrON. According to one embodiment,
dielectric layer 10 may be formed by exposing a silicon layer
to an oxidation environment, such as by thermal oxidation.
Any other suitable procedure for forming dielectric layer 10
may be used without departing from the scope of the
invention, for example, any suitable chemical vapor depo-
sition process, any suitable physical vapor deposition pro-
cess, any suitable atomic layer deposition process, or other
suitable gate dielectric deposition process. Additionally,
dielectric layer 10 may be disposed outwardly from any
substrate material such as a silicon wafer, a Silicon-on
Insulator (SOI) wafer, bulk CMOS wafer, or any other
suitable wafer.

[0022] Metal layer 12 may comprise any metal compound
suitable for forming metal gates. According to the illustrated
embodiment, metal layer 12 comprises a molybdenum (Mo)
layer, and has a thickness in a range between 5 angstroms
and 500 angstroms. At a minimum, metal layer 12 may have
a thickness of one monolayer.

[0023] Referring to FIG. 2, a mask layer 14 is formed
outwardly from metal layer 12 to protect at least a portion of
metal layer 12. Mask layer 14 may comprise any material
suitable for masking metal layer 12. For example, mask
layer 14 may comprise a photoresist material, a hard mask,
or any other suitable masking material. According to the
illustrated embodiment, mask layer 14 is formed outwardly
from metal layer 12 to protect a first portion 20 of metal
layer 12. Mask layer 14 may be formed according to any
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pattern suitable for preparing metal layer 12 for a process 16
as is described with reference to FIG. 3.

[0024] Referring to FIG. 3, a process 16 to locally change
the film composition is performed on an exposed portion 18
of metal layer 12. Process 16 may incorporate any species
suitable for reacting with metal layer 12. For example,
process 16 may incorporate nitrogen into the film of exposed
portion 18. Other possible processes 16 may use carbon,
boron, or silicon atoms. According to the illustrated embodi-
ment, process 16 may be performed using direct plasma
nitridation, ion implantation, remote plasma nitridation,
ammonia (NH;) anneal, a silicon anneal such as a S;H, or
Si,H, anneal, or any other process suitable for incorporating
nitrogen or silicon into exposed portion 18 of metal layer 12.
The nitrogen may be incorporated into exposed portion 18 of
metal layer 12 using any dosage suitable for imparting
sufficient nitridation of exposed portion 18 of metal layer 12.

[0025] Mask layer 14 is operable to prevent at least a
portion of the nitrogen from penetrating first portion 20 of
metal layer 12. As was described with reference to FIG. 2,
mask layer 14 is formed in any pattern suitable from
protecting first portion 20 of metal layer 12. If process 16
comprises ion implantation, mask layer 14 may comprise a
photoresist material operable to substantially prevent ion
implantation at first portion 20. If process 16 comprises
nitridation by plasma nitridation or an ammonia (NH;)
anneal, mask layer 14 may comprise a hard mask such as
silicon nitride (SiN), silicon oxide (SiO), SiON, or any other
hardmask that does not react with the underlying material
and can be easily removed that may prevent the nitrogen
from substantially penetrating first portion 20 of metal layer
12.

[0026] Referring to FIG. 4, mask layer 14 is removed. An
annealing step may be performed after process 16 is per-
formed and either before or after mask layer 14 is removed
to enable the newly introduced atoms to be suitably placed
within exposed portion 18, hereinafter referred to as com-
position-altered portion 18. Mask layer 14 may be removed
according to any etching process compatible with the com-
position of mask layer 14. Removal of mask layer 14
exposes metal layer 12 in order to perform further semicon-
ductor fabrication. According to the illustrated embodiment,
at this stage, metal layer 12 includes a composition-altered
portion 18 comprising molybdenum nitride (MoN) and first
portion 20 comprising molybdenum. According to another
embodiment, composition-altered portion 18 may comprise
molybdenum dinitride (MoN,), or any other molybdenum
compound suitable for yielding a desired work function.

[0027] Referring to FIG. 5, a barrier layer 22 is deposited
outwardly from metal layer 12. Barrier layer 22 comprises
a substantially uniform layer of any thickness and compo-
sition suitable for preventing reaction of the metal of metal
layer 12 with adjacent layers of the semiconductor structure
during thermal processing. For example, barrier layer 22
may include titanium nitride (TiN), tantalum nitride (TaN),
fully nitrided molybdenum nitride (MoN), hafnium nitride
(HIN), zirconium nitride (ZrN), or any other suitable mate-
rial. According to the illustrated embodiment, barrier layer
22 has a thickness in a range between 10 angstroms and 100
angstroms.

[0028] Referring to FIG. 6, a poly-Si layer 24 is deposited
outwardly from barrier layer 22. According to the illustrated
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embodiment, poly-Si layer 24 may include a substantially
uniform layer of poly-Si of a thickness sufficient to yield a
semiconductor layer 30 having a thickness of, for example,
approximately 1000 angstroms. Any other suitable thickness
of poly-Si layer may be used depending on the application.

[0029] Referring to FIG. 7, after depositing poly-Si layer
24, semiconductor layer 30 may be patterned and etched to
form a gate structure having metal gates with multiple work
functions. For example, semiconductor layer 30 may be
patterned and etched to yield at least two gate electrodes. A
first gate stack 26 comprises a first gate electrode having a
work function appropriate for a PMOS device, and a second
gate stack 28 comprises a second gate electrode having a
work function appropriate for an NMOS device. According
to the illustrated embodiment, first gate stack 26 includes a
portion of dielectric layer 10, first portion 20 of metal layer
12, a portion of barrier layer 22, and a portion of poly-Si
layer 24 stacked as shown in FIG. 7. According to the
illustrated embodiment, second gate stack 28 includes a
portion of dielectric layer 10, at least part of composition-
altered layer 18, a portion of barrier layer 22, and a portion
of poly-Si layer 24 stacked as shown in FIG. 7. Although
first gate stack 26 and second gate stack 28 may be of
substantially similar dimensions, first gate stack 26 may
have different dimensions from second gate stack 28 without
departing from the scope of the invention. For example, first
gate stack 26 may be wider than second gate stack 28.

[0030] After depositing poly-Si layer 24, semiconductor
layer 30 may undergo further manufacturing process stages
to fabricate transistors according to the application. For
example, semiconductor layer 30 may be treated with an
anti-reflective coating during the etching and masking pro-
cess to substantially eliminate the reflectivity of poly-Si
layer 24. As another example, semiconductor layer 30 may
be encapsulated to protect the metal layers of first gate stack
26 and second gate stack 28 during the fabrication process.

[0031] Certain embodiments of the invention may provide
one or more technical advantages. A technical advantage of
one embodiment may include a barrier layer that prevents
reaction of the metal layer with adjacent layers in order to
inhibit the formation of metal compounds. Use of a barrier
layer may allow the use of a metal layer in semiconductor
fabrication, while maintaining the integrity of the metal
layer throughout the thermal budget of the device. Another
technical advantage may be that a thin metal layer may be
used, which may allow for more effective etching of the gate
stack. Yet another technical advantage of one embodiment
may be that a dual work function gate structure using metal
gates may be obtained. Yet another technical advantage of
one embodiment may be that a metal layer may be used to
effectively control implantation of atoms into the metal
layer, which may prevent possible damage to the gate
dielectric.

[0032] Although an embodiment of the invention and its
advantages are described in detail, a person skilled in the art
could make various alterations, additions, and omissions
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without departing from the spirit and scope of the present
invention as defined by the appended claims.

1-10. (canceled)
11. A semiconductor structure, comprising:

a dielectric layer;

a metal layer disposed outwardly from the dielectric layer,
the metal layer comprising a first portion and a com-
position-altered portion;

a barrier layer disposed outwardly from the metal layer;

a poly-Si layer deposited outwardly from the barrier layer,
the barrier layer operable to prevent diffusion and
reaction between the metal layer and the poly-Si layer;

a first stack structure comprising the first portion of the
metal layer and operating according to a first work
function; and

a second stack structure comprising the composition-
altered portion of the metal layer and operating accord-
ing to a second work function.

12. The semiconductor structure of claim 11, wherein the
metal layer has a thickness in a range between one mono-
layer and 500 angstroms.

13. The semiconductor structure of claim 11, wherein the
metal layer comprises molybdenum.

14. The semiconductor structure of claim 11, wherein the
composition-altered metal layer comprises molybdenum
nitride (MoN).

15. The semiconductor structure of claim 11, wherein the
composition-altered portion of the metal layer comprises a
plurality of atoms incorporated using at least one of an ion
implantation, direct plasma nitridation, a remote plasma
nitridation, an ammonia anneal, an S;H, anneal, and Si,Hg
anneal.

16. The semiconductor structure of claim 11, wherein the
plurality of atoms comprises a plurality of nitrogen ions.

17. The method of claim 10, wherein the plurality of
atoms comprises a plurality of silicon atoms.

18. The semiconductor structure of claim 11, wherein the
barrier layer has a thickness in a range between 25 ang-
stroms and 100 angstroms.

19. The semiconductor structure of claim 11, wherein the
barrier layer comprises a compound selected from one of a
titanium nitride (TiN) compound, a tantalum nitride (TaN)
compound, a molybdenum nitride (MoN) compound, a
hafnium nitride (HfN) compound, and a zirconium nitride
(ZrN) compound.

20. The semiconductor structure of claim 11, wherein:

the first work function corresponds to a p-channel metal
oxide semiconductor (PMOS); and

the second work function corresponds to a n-channel
metal oxide semiconductor (NMOS).
21-23. (canceled)



