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removed to form a gate component of which a vertical portion
does not extend to a top of the gate cavity. The gate compo-
nent can be employed as a gate dielectric or a work function
metal portion to form a gate structure that enhances perfor-
mance of a replacement gate field effect transistor.
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REPLACEMENT GATE MOSFET WITH A
HIGH PERFORMANCE GATE ELECTRODE

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application is a divisional of U.S. patent appli-
cation Ser. No. 12/912,963, filed Oct. 27, 2010 the entire
content and disclosure of which is incorporated herein by
reference.

BACKGROUND

[0002] The present disclosure relates to semiconductor
structures, and particularly to a metal-oxide-semiconductor
field effect transistor (MOSFET) having a high performance
replacement gate electrode configured to provide reduced
parasitic capacitance and/or low resistance, and methods of
manufacturing the same.

[0003] A replacement gate metal-oxide-semiconductor
field effect transistor (MOSFET) can accommodate a high
dielectric constant (high-k) gate dielectric material that is
prone to degradation at high temperature due to decomposi-
tion or other structural degradation mechanisms. A replace-
ment gate MOSFET is formed by forming activated source
and drain regions and optionally metal semiconductor alloys
before deposition of a gate dielectric and a gate electrode.
Because the gate dielectric and the gate electrode “replaces”
adisposable gate structure by filling a recessed region formed
after removal of the disposable gate structure, the gate dielec-
tric material, which is typically a high-k gate dielectric mate-
rial, follows the contour of the recessed region. Thus, use of a
high-k gate dielectric material in a replacement gate scheme
results in formation of vertical portions of the high-k gate
dielectric material as a sidewall structure laterally surround-
ing the gate electrode formed therein. The high dielectric
constant of material of the sidewall results in a significant
parasitic capacitance between the gate electrode and the
source and drain regions of a replacement gate MOSFET,
adversely impacting the performance of the replacement gate
MOSFET.

[0004] Further, replacement gate MOSFETs typically
employ a work function metal portion in each gate electrode
such that the work function metal portion contacts the high-k
gate dielectric. The work function metals, however, have a
greater resistivity than other conductive materials, such as
aluminum, that is deposited on the work function metals and
fills a predominant portion of the gate electrode. While a
horizontal portion of the work function metal portion contact-
ing a top surface of a high-k gate dielectric is required in order
to adjust threshold voltage of the replacement gate MOSFET,
vertical portions of the work function metal portion located
on sidewalls of a gate electrode and laterally surrounding the
other conductive material merely increase the resistance of
the gate electrode, which includes a U-shaped work function
metal portion and an inner conductor portion containing the
other conductive material.

SUMMARY

[0005] Inareplacement gate scheme, a continuous material
layer is deposited on a bottom surface and a sidewall surface
in a gate cavity. A vertical portion of the continuous material
layer is removed to form a gate component of which a vertical
portion does not extend to a top of the gate cavity. The gate
component can be employed as a gate dielectric or a work
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function metal portion to form a gate structure that enhances
performance of a replacement gate field effect transistor.
[0006] A replacement gate field effect transistor can
formed by removing a disposable gate stack and forming a
recessed region. In one embodiment, after depositing a high
dielectric constant (high-k) gate dielectric, a blocking struc-
ture covering a horizontal portion of the high-k gate dielectric
is formed within the recessed region, while exposing the
sidewall portions of the high-k gate dielectric. The sidewall
portions of the high-k gate dielectric are removed, followed
by removal of the blocking structure. In another embodiment,
after depositing a high-k gate dielectric and a non-conformal
work function metal layer within the recessed region, the
non-conformal work function metal layer is isotropically
etched to provide a work function metal portion contacting a
horizontal surface ofthe high-k gate dielectric, while sidewall
portions of the work function metal layer are removed. A
conductive metal is deposited on the work function metal
portion, which, in conjunction with that work function metal
portion, forms a gate electrode.

[0007] According to an aspect of the present disclosure, a
method of forming a semiconductor structure includes: form-
ing a recessed region laterally surrounded by a dielectric
material on a semiconductor substrate; forming a continuous
material layer in the recessed region and over the dielectric
material; forming a gate component including a horizontal
portion and an adjoining lower vertical portion of the con-
tinuous material layer by removing an upper vertical portion
of the continuous material layer within the recessed region;
and forming a field effect transistor including the gate com-
ponent in a gate stack.

[0008] According to another aspect of the present disclo-
sure, a semiconductor structure is provided, which includes:
a field effect transistor including a gate stack of a gate dielec-
tric and a gate conductor, wherein the gate dielectric includes
a dielectric material having a dielectric constant greater than
8.0 and includes a horizontal portion and a peripheral portion
including sidewalls that protrude above a top planar surface of
the horizontal portion; and a dielectric gate spacer including
a dielectric material having a different composition than the
gate dielectric and contacting sidewalls of the gate conductor.
[0009] According to even another aspect of the present
disclosure, a semiconductor structure is provided, which
includes: a field effect transistor containing a gate stack of a
gate dielectric and a gate conductor, wherein the gate conduc-
tor includes a work function metal portion and a conductive
metal portion, wherein sidewalls of the conductive metal
portion contact, and are vertically coincident with, sidewalls
of the gate dielectric.

[0010] According to yet another aspect of the present dis-
closure, a method of forming a semiconductor structure is
provided, which includes: forming a recessed region laterally
surrounded by a dielectric gate spacer on a semiconductor
substrate; forming a gate dielectric layer on a semiconductor
surface in the recessed region; forming a work function metal
portion on a horizontal portion of the gate dielectric layer in
the recessed region, wherein sidewalls of vertical portions of
the gate dielectric layer are exposed over the work function
metal portion in the recessed region; and forming a conduc-
tive metal portion directly on the work function metal portion.
[0011] According to still another aspect of the present dis-
closure, another method of forming a semiconductor struc-
ture is provided, which includes: forming a recessed region
laterally surrounded by a dielectric gate spacer on a semicon-
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ductor substrate; forming a gate dielectric layer on a semi-
conductor surface in the recessed region; forming a blocking
structure on a horizontal portion of the gate dielectric layer in
the recessed region, wherein sidewalls of vertical portions of
the gate dielectric layer are exposed over the blocking struc-
ture in the recessed region; and removing the vertical portions
of'the gate dielectric layer, wherein a gate dielectric is formed
underneath the blocking structure.

DESCRIPTION OF THE SEVERAL VIEWS OF
THE DRAWINGS

[0012] FIG. 1 is a vertical cross-sectional view of a first
exemplary semiconductor structure after formation of a dis-
posable gate stack according to a first embodiment of the
present disclosure.

[0013] FIG. 2 is a vertical cross-sectional view of the first
exemplary semiconductor structure of FIG. 1 after formation
of a dielectric gate spacer, source and drain regions, and
source-side and drain-side metal semiconductor alloy por-
tions according to the first embodiment of the present disclo-
sure.

[0014] FIG. 3 is a vertical cross-sectional view of the first
exemplary semiconductor structure of FIG. 2 after formation
and planarization of a dielectric material layer according to
the first embodiment of the present disclosure.

[0015] FIG. 4 is a vertical cross-sectional view of the first
exemplary semiconductor structure of FIG. 3 after removal of
the disposable gate stack according to the first embodiment of
the present disclosure.

[0016] FIG. 5 is a vertical cross-sectional view of the first
exemplary semiconductor structure of FIG. 4 after formation
of'a high dielectric constant (high-k) gate dielectric layer and
anon-conformal blocking material layer according to the first
embodiment of the present disclosure.

[0017] FIG. 6 is a vertical cross-sectional view of the first
exemplary semiconductor structure of FIG. 5 after isotropic
etching of the non-conformal blocking material layer to form
a gate-side blocking structure according to the first embodi-
ment of the present disclosure.

[0018] FIG. 7 is a vertical cross-sectional view of the first
exemplary semiconductor structure of FIG. 6 after removal of
sidewall portions of the high-k gate dielectric layer according
to the first embodiment of the present disclosure.

[0019] FIG. 8 is a vertical cross-sectional view of the first
exemplary semiconductor structure of FIG. 7 after removal of
blocking structures according to the first embodiment of the
present disclosure.

[0020] FIG. 9 is a vertical cross-sectional view of the first
exemplary semiconductor structure of FIG. 8 after formation
of a gate electrode according to the first embodiment of the
present disclosure.

[0021] FIG.101is a vertical cross-sectional view of the first
exemplary semiconductor structure of FIG. 10 after forma-
tion of conductive via structures according to the first
embodiment of the present disclosure.

[0022] FIG.11isavertical cross-sectional view of a second
exemplary semiconductor structure after formation of a gate-
side blocking structure according to a second embodiment of
the present disclosure.

[0023] FIG. 12 is a vertical cross-sectional view of the
second exemplary semiconductor structure of FIG. 11 after
removal of sidewall portions of the high-k gate dielectric
layer according to the second embodiment of the present
disclosure.
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[0024] FIG. 13 is a vertical cross-sectional view of the
second exemplary semiconductor structure of FIG. 12 after
removal of the gate-side blocking structure according to the
second embodiment of the present disclosure.

[0025] FIG. 14 is a vertical cross-sectional view of the
second exemplary semiconductor structure of FIG. 13 after
formation of conductive via structures according to the sec-
ond embodiment of the present disclosure.

[0026] FIG. 15 is a vertical cross-sectional view of a third
exemplary semiconductor structure after formation of a non-
conformal work function metal layer according to a third
embodiment of the present disclosure.

[0027] FIG. 16is a vertical cross-sectional view of the third
exemplary semiconductor structure of FIG. 15 after an iso-
tropic etch that removes sidewall portions of the non-confor-
mal work function metal layer and forms a work function
metal portion on a horizontal portion of the high-k gate
dielectric layer according to the third embodiment of the
present disclosure.

[0028] FIG. 17 is a vertical cross-sectional view of the third
exemplary semiconductor structure of FIG. 16 after deposi-
tion of a conductive material layer according to the third
embodiment of the present disclosure.

[0029] FIG. 18isa vertical cross-sectional view of the third
exemplary semiconductor structure of FIG. 17 after forma-
tion of a gate electrode according to the third embodiment of
the present disclosure.

[0030] FIG. 19 isa vertical cross-sectional view of the third
exemplary semiconductor structure of FIG. 18 after forma-
tion of conductive via structures according to the third
embodiment of the present disclosure.

[0031] FIG. 20 is a vertical cross-sectional view of a fourth
exemplary semiconductor structure according to a fourth
embodiment of the present disclosure.

DETAILED DESCRIPTION

[0032] As stated above, the present disclosure relates to a
metal-oxide-semiconductor field effect transistor MOSFET)
having a high performance replacement gate electrode con-
figured to provide reduced parasitic capacitance and/or low
resistance, and methods of manufacturing the same, which
are now described in detail with accompanying figures. It is
noted that like and corresponding elements mentioned herein
and illustrated in the drawings are referred to by like reference
numerals.

[0033] Referring to FIG. 1, a first exemplary semiconduc-
tor structure according to a first embodiment of the present
disclosure includes a semiconductor substrate 8. The semi-
conductor substrate 8 includes a semiconductor layer 10 and
isolation structures 20 embedded in the semiconductor layer
10. The isolation structures 20 include a dielectric material
such as silicon oxide and/or silicon nitride. For example, the
isolation structures 20 can be shallow trench isolation struc-
tures known in the art.

[0034] The semiconductor layer 10 is composed of a semi-
conductor material such as silicon, a silicon containing alloy,
a germanium containing alloy, a III-V compound semicon-
ductor, or a II-IV semiconductor. Preferably, the entirety of
the semiconductor layer 10 is single crystalline. The semi-
conductor substrate 8 may be a bulk substrate, a semiconduc-
tor-on-insulator (SOI) substrate, or a hybrid substrate includ-
ing a bulk portion and an SOI portion. If the semiconductor
substrate 8 is an SOI substrate or a hybrid substrate, the
semiconductor substrate 8 includes a buried insulator layer
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(not shown) or a buried insulator portion (not shown) that is
located on a bottom surface of the isolation structures 20, and
the semiconductor layer 10 may be vertically confined
between the top surfaces and the bottom surfaces of the iso-
lation structures 20. While the present disclosure is described
with an SOI substrate, equivalent embodiments employing
other types of substrates are also contemplated herein.
[0035] A disposable material stack is formed on the surface
of the semiconductor substrate 10. The disposable material
stack can include a disposable dielectric 30 and a disposable
material portion 32. For example, the disposable dielectric 30
can include silicon oxide or another dielectric material that
can be etched selective to the semiconductor material of the
semiconductor layer 10. The thickness of the disposable
dielectric 30 can be from 1 nm to 30 nm, and typically from 1
nm to 5 nm, although lesser and greater thicknesses can also
be employed.

[0036] The disposable material portion 32 can include a
material that can be etched selective to the material of a
dielectric gate spacer to be subsequently formed. For
example, the disposable material portion 32 can be composed
of polysilicon or a silicon-containing semiconductor alloy
such as a silicon-germanium alloy. Alternately, the disposable
material portion 32 can include a dielectric material or a
conductive material that can be etched selective to the mate-
rial of a dielectric gate spacer to be subsequently formed. The
thickness ofthe disposable material portion 32 can be from 50
nm to 500 nm, and typically from 80 nm to 250 nm, although
lesser and greater thicknesses can also be employed.

[0037] The disposable material stack can be formed by
depositing the materials of the disposable dielectric 30 and
the disposable material portion 32 as blanket layers, and
subsequently lithographically patterning the blanket layers so
that remaining portions of the blanket layer constitute the
disposable material stack located on a portion of the semi-
conductor layer 10 between two isolation structures 20. The
sidewalls of the disposable dielectric 30 and the disposable
material portion 32 are substantially vertical. Further, side-
walls of the disposable dielectric 30 and the disposable mate-
rial portion 32 are vertically coincident, i.e., sidewalls of the
disposable dielectric 30 coincide with sidewalls of the dis-
posable material portion 32 in a top-down view.

[0038] Referring to FIG. 2, source and drain extension
implantation is performed to form source and drain extension
regions, which are laterally protruding portions of a source
region 12 and a drain region 14 that contact the disposable
dielectric 30. A dielectric gate spacer 40 is formed by depos-
iting, and subsequently anisotropically etching, a conformal
dielectric material layer. Horizontal portions of the conformal
dielectric material layer are removed during the anisotropic
etching, and remaining vertical portions of the conformal
dielectric material layer after the anisotropic etching consti-
tutes the dielectric gate spacer 40. The dielectric gate spacer
40 comprises a dielectric material such as silicon oxide, sili-
con nitride, and silicon oxynitride. The dielectric gate spacer
40 has an average dielectric constant less than 8.0. In one
embodiment, an entirety of the dielectric gate spacer has a
dielectric constant less than 8.0. It is noted that silicon nitride
has a dielectric constant of 7.9 and undoped silicon oxide has
a dielectric constant of 3.9.

[0039] Deep source and drain implantation is performed to
complete formation of the source region 12 and the drain
region 14, which include the source and drain extension
regions, respectively, at the end of the deep source and drain
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implantation. The source region 12 and the drain region 14
have a doping of the opposite conductivity type than the
remaining portion of the semiconductor layer 10, which func-
tions as a body region of a transistor. A source-side metal
semiconductor alloy portion 52 and a drain-side metal semi-
conductor alloy portion 54 are formed by reacting a metal
layer with the exposed portions of the source region 12 and
the drain region 14 employing methods known in the art.
Unreacted portions of the metal layer are removed after for-
mation of the source-side metal semiconductor alloy portion
52 and the drain-side metal semiconductor alloy portion 54.
The source-side metal semiconductor alloy portion 52 is a
conductive structure located directly on the source region 12,
and the drain-side metal semiconductor alloy portion 54 is a
conductive structure located directly on the drain region 14.
The source-side metal semiconductor alloy portion 52 and the
drain-side metal semiconductor alloy portion 54 can be a
metal silicide if the semiconductor material of the source
region 12 and the drain region 14 include silicon.

[0040] Referring to FIG. 3, an optional dielectric liner (not
shown) may be conformally deposited over the semiconduc-
tor substrate 8, the source-side and drain-side metal semicon-
ductor alloy portions (52, 54), the dielectric gate spacer 40,
and the disposable material portion 32. If present, the optional
dielectric liner includes a dielectric material such as silicon
oxide or silicon nitride. A dielectric material layer 62 is
deposited over the optional dielectric liner, if present, or over
the semiconductor substrate 8, the source-side and drain-side
metal semiconductor alloy portions (52, 54), the dielectric
gate spacer 40, and the disposable material portion 32. The
dielectric material layer 62 includes a dielectric material such
as undoped silicate glass, doped silicate glass, organosilicate
glass (OSG), or a porous dielectric material. In one embodi-
ment, the dielectric material layer 62 can include a porous or
non-porous low dielectric constant (low-k) material having a
dielectric constant less than 2.7. The dielectric material layer
62 is subsequently planarized so that the top surfaces of the
disposable material portion 32, the dielectric gate spacer 40,
and the dielectric material layer 62 are coplanar, i.e., located
within the same horizontal plane. A topmost portion of the
dielectric gate spacer 40 can be removed during the planariza-
tion process.

[0041] Because the outer sidewalls of the dielectric gate
spacer 40 are vertical, the optional dielectric liner 40, if
present, includes a vertical portion that contiguously extends
to the top surface of the dielectric material layer 62. The
dielectric gate spacer 40 has inner vertical sidewalls and outer
vertical sidewalls, each of which extends from the top surface
of the semiconductor substrate 8 to the top surface of the
dielectric material layer 62.

[0042] Referring to FIG. 4, the disposable gate stack
including the disposable material portion 32 and the dispos-
able dielectric 30 are removed selective to the dielectric gate
spacer 40 and the dielectric material layer 62. The removal of
the disposable gate stack (32, 30) can be effected, for
example, by a first isotropic or anisotropic etch that removes
the material of the disposable material portion 32 while not
removing the materials of the dielectric gate spacer 40 and the
dielectric material layer 62, followed by a second isotropic or
anisotropic etch that removes the disposable dielectric 30
while not removing, or only marginally removing, the mate-
rials of the dielectric gate spacer 40 and the dielectric material
layer 62. A recessed region, which is herein referred to as a
gate cavity 49, is formed after removal of the disposable
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material stack (32, 30). A portion of the top surface of the
semiconductor substrate 8 is exposed within the gate cavity
49. The gate cavity 49 is laterally confined by the inner
sidewalls of the dielectric gate spacer 40.

[0043] Referring to FIG. 5, a gate dielectric layer 701 and
a blocking material layer 721 are sequentially deposited in
the gate cavity 49 and over the dielectric material layer 62
without completely filling the gate cavity 49. The gate dielec-
tric layer 70L is a continuous material layer that continuously
covers, without a hole therein, the entirety of exposed sur-
faces of the dielectric material layer 62, the dielectric gate
spacer 40, and the semiconductor layer 10. The gate dielectric
layer 70L is formed by a conformal or non-conformal depo-
sition of a dielectric material. The gate dielectric layer 70L
includes a U-shaped gate dielectric portion that contiguously
extends from the top surface of the semiconductor substrate 8
to the top surface of the dielectric material layer 62. For
example, the gate dielectric can be composed of a high dielec-
tric constant (high-k) dielectric material including a dielectric
metal oxide and having a dielectric constant greater than 8.0.
The high-k dielectric material may be formed by methods
well known in the art.

[0044] The blocking material layer 72L. is a non-conformal
layer having a greater thickness in horizontal portion than in
vertical portions. The blocking material layer 72L is depos-
ited employing a deposition process that enables a non-con-
formal deposition such as physical vapor deposition (PVD),
non-conformal chemical vapor deposition operating in a
mass-transport limited deposition region, or vacuum evapo-
ration. A collimating device can be employed to enhance
directionality of sputtered particles if physical vapor deposi-
tion is employed. If vacuum evaporation is employed, an
effusion cell or an electron bean source can be employed as
the source of beam containing the material to be deposited.
The thickness of the blocking material layer 72L on the side-
walls of the gate dielectric layer 701 can be from 0 nm to 10
nm, and the thickness of the blocking material layer on hori-
zontal portions of the gate dielectric layer 70L can be from 5
nm to 50 nm. The ratio of the thickness of the blocking
material layer 721 on the sidewalls of the gate dielectric layer
70L to the thickness of the blocking material layer 721 on the
horizontal portions of the gate dielectric layer 70L. can be
from 0 to 0.8, and preferably from 0 to 0.5. If this ratio is O,
which occurs if a highly directional deposition method such
as vacuum evaporation with an angular beam spread less than
about 2 degree is employed, the blocking material layer 721
can be absent (i.e., less than one atomic layer thick) on the
sidewalls of the gate dielectric layer 701, and an isotropic
etch of the blocking material layer 721, described below, may
be omitted.

[0045] The material of the blocking material layer 72L is
selected so that a first etch process to be subsequently
employed can remove the material of the gate dielectric layer
70L selective to the material of the blocking material layer
72L, and a second etch process to be subsequently employed
can remove the material of the blocking material layer 72L
selective to the material of the gate dielectric layer 70L. In
other words, the material of the blocking material layer 721
and the material of the gate dielectric layer 70L are selected to
be complementarily etchable with selectivity to each other.
[0046] Non-limiting examples of the material that can be
employed for the blocking material layer 72L include amor-
phous or polycrystalline silicon, silicon-germanium alloys,
silicon-carbon alloys, and silicon-germanium-carbon alloys.
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Materials such as amorphous or polycrystalline silicon, sili-
con-germanium alloys, silicon-carbon alloys, and silicon-
germanium-carbon alloys can be deposited by physical vapor
deposition, non-conformal chemical vapor deposition oper-
ating in a mass-transport limited deposition region, or
vacuum evaporation, can function as an effective etch mask
for etching most dielectric metal oxides with an etchant such
as dilute hydrofluoric acid optionally including ozone, and
can be removed selective to most dielectric metal oxides in a
hot or warm solution including ammonia. Any other material
can be employed for the blocking material layer provided that
anon-conformal deposition is possible and the material of the
blocking material layer 721, and the material of the gate
dielectric layer 70L can be complementarily etchable with
selectivity to each other.

[0047] Referring to FIG. 6, the blocking material layer 721
is isotropically etched to remove all vertical portions of the
blocking material layer 721 on the sidewalls of the gate
dielectric layer 701 and to expose inner sidewalls of the gate
dielectric layer 70L. The isotropic etching can be performed
employing a wet etch or an isotropic dry etch such as down-
stream plasma etch or chemical dry etch. The chemistry ofthe
isotropic etching does not need to be selective to the material
of the gate dielectric layer 70L. In other words, it is permis-
sible to overetch into the sidewalls of the gate dielectric layer
70L.

[0048] A remaining portion of the blocking material layer
72L at the bottom of the gate cavity 49 forms a blocking
structure, which is herein referred to as a gate-side blocking
structure 72G. The gate-side blocking structure 72G is a
blocking structure that overlies the horizontal portion of the
gate dielectric layer 70L. The gate-side blocking structure
72G is formed on a horizontal portion of the gate dielectric
layer 70L in the recessed region, i.e., in the gate cavity 49.
Another remaining portion of the blocking material layer 721
above the topmost surface of the gate dielectric layer 70L
forms another blocking structure, which is herein referred to
as an upper blocking structure 72U. After the isotropic etch,
sidewalls of vertical portions of the gate dielectric layer 70L.
are exposed over the gate-side blocking structure 72 in the
recessed region, i.e., the gate cavity 49. The upper blocking
structure 72U is a layer of the blocking material located over
the topmost surface of the gate dielectric layer 70L. and
including at least one hole, of which the area coincides with
the area of the gate cavity 49.

[0049] Referring to FIG. 7, an etch process, which is herein
referred to as a first etch process, is performed to remove the
material of the gate dielectric layer 70L selective to the mate-
rial of the gate-side blocking structure 72G. The chemistry of
the first etch process depends on the material of the gate
dielectric layer 701 and the material of the blocking material
layer 72L.. As discussed above, if the gate dielectric layer 70L
includes a dielectric metal oxide and the gate-side blocking
structure 72G includes a material such as amorphous or poly-
crystalline silicon, silicon-germanium alloys, silicon-carbon
alloys, and silicon-germanium-carbon alloys, dilute hydrof-
luoric acid optionally including ozone can be employed to
remove the exposed portions of the gate dielectric layer 70L..
The first etch process is typically an isotropic etch process,
but needs not be completely isotropic as long as some isotro-
pic etch component is present and the gate-side blocking
structure 72G is not entirely consumed during the first etch
process. The first etch process may be omitted if the blocking
material layer 72L. is not present on the sidewalls of the gate
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dielectric layer 701, which is the case if a highly directional
deposition method such as vacuum evaporation is employed
to deposit the blocking material layer 72L.

[0050] After the removal of the vertical portions of the gate
dielectric layer 70L., a remaining portion of the gate dielectric
layer 70L. underneath the gate-side blocking structure 72G
forms a gate dielectric 70G, which contacts a top surface of
the semiconductor layer 10, bottommost portions of the
dielectric gate spacer 40, and the bottom surface of the gate-
side blocking structure 72G. The gate dielectric 70G is a gate
component that is incorporated into a gate stack of a field
effect transistor to be subsequently formed. A peripheral por-
tion of the top surface of the gate dielectric 70G laterally
surrounds the gate-side blocking structure 72G, and has a
concave surface throughout, which is caused by the geometry
of'the gate dielectric layer 70L relative to the gate-side block-
ing structure 72G. A remaining portion of the gate dielectric
layer 70L above the dielectric material layer 621 forms an
upper dielectric material layer 70U, which has the same com-
position and thickness as the gate dielectric 70G at this step.
[0051] Referring to FIG. 8, the gate-side blocking structure
72G and the upper blocking structure 72U are removed selec-
tive to the gate dielectric 70G by a second etch process. As
discussed above, if the gate dielectric layer 70L includes a
dielectric metal oxide and the gate-side blocking structure
72G includes a material such as amorphous or polycrystalline
silicon, silicon-germanium alloys, silicon-carbon alloys, and
silicon-germanium-carbon alloys, a hot or warm solution
including ammonia can be employed to remove the gate-side
blocking structure 72G and the upper blocking structure 72U
selectively to the gate dielectric 70G.

[0052] Referring to FIG. 9, a gate electrode is formed by
depositing at least one conductive material in the gate cavity
49 to fill the gate cavity, and by removing the access portions
of'the at least one conductive material over the upper dielec-
tric material layer 70U. In one embodiment, the upper dielec-
tric material layer 70U can be employed as a stopping layer
during the planarization. In another embodiment, a portion or
all of the upper dielectric material layer 70U may be removed
during the planarization. Thus, while an embodiment in
which the upper dielectric material layer 70U is present is
illustrated herein, embodiments in which the upper dielectric
material layer 70U is removed can also be practiced. As such,
the upper dielectric material layer 70U is an optional struc-
ture, and if the upper dielectric material layer 70U is absent,
the top surface of the gate electrode is coplanar with the top
surface of the dielectric material layer 62.

[0053] The gate electrode may include a work function
metal portion 74 and a conductive metal portion 76. The
material of the work function metal portion 74 is first depos-
ited as a work function metal layer (not shown) directly on the
top surfaces of the gate dielectric 70G, the inner sidewalls of
the dielectric gate spacer 40, and the exposed surfaces of the
upper dielectric material layer 70U. The material of the con-
ductive metal portion 76L is then deposited as a conductive
metal layer (not shown) directly on the exposed surfaces of
the work function metal layer to fill the gate cavity 49 (See
FIG. 8).

[0054] The material of the work function metal portion 74
can be selected depending on the type of field effect transistor
to be formed and the desired work function of the replacement
gate in the field effect transistor. The material of the conduc-
tive metal portion 76 can be the same as, or can be different
from, the material of the work function metal portion 74.
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Typically, the material of the conductive metal portion 76 is
different from the material of the work function metal portion
74, and is selected from metallic material having a greater
conductivity than the conductivity of the work function metal
portion 74. The material of the conductive metal portion 76
can be deposited, for example, by chemical vapor deposition
(CVD), physical vapor deposition (PVD), atomic layer depo-
sition (ALD), etc. The planarization process removes excess
portions of the work function metal layer and the conductive
metal layer above the topmost surface of the remaining
dielectric material layers, which can be a stack of the dielec-
tric material layer 62 and the upper dielectric material layer
70U or the dielectric material layer 62 alone depending on
whether the upper dielectric material layer 70U is completely
removed during the planarization process.

[0055] After the planarization process, at least one dielec-
tric material layer (62, 70U) laterally contacts the dielectric
gate spacer 40. The at least one dielectric material layer (62,
70U) has a top surface that is coplanar with a top surface of the
gate electrode (74, 76). A lower portion of inner sidewalls of
the dielectric gate spacer 40 laterally contacts the gate dielec-
tric 70G, and an upper portion of the inner sidewalls of the
dielectric gate spacer 40 laterally contacts the gate electrode
(74,76). Specifically, the upper portion of the inner sidewalls
of the dielectric gate spacer 40 laterally contacts the work
function metal portion 74. The work function metal portion
contacts the gate dielectric 70G, and the conductive metal
portion 76 contacts a top surface of the work function metal
portion 74. The top surface of the gate dielectric 70G includes
a recessed central portion that is planar and parallel to the
bottom surface of the gate dielectric 70G and a concave
peripheral portion that contacts a convex bottom surface por-
tion of the work function metal portion 74.

[0056] The gate dielectric 70G includes a horizontal por-
tion and a peripheral portion. The peripheral portion has outer
sidewalls that adjoin the entirety of the periphery of the hori-
zontal portion. Further, the gate dielectric 70G includes inner
sidewalls that contact lower portions of the sidewalls of the
work function metal portion 74. The inner sidewalls and the
outer sidewalls ofthe gate dielectric 70G protrude above a top
planar surface of the horizontal portion of the gate dielectric
70G that is parallel to a bottom planar surface of the horizon-
tal portion of the gate dielectric 70G. The entirety of the gate
dielectric 70G is of unitary construction and may have a same
composition throughout. The topmost portion of the periph-
eral portion of the gate dielectric 70G can include a contigu-
ous concave surface that faces inward, i.e., toward the work
function metal portion 74, and upward. The entirety of the
contiguous concave surface of the topmost portion of the
peripheral portion of the gate dielectric 70G can contact the
work function metal portion 74.

[0057] Referring to FIG. 10, at least one overlying dielec-
tric material layer 90 is deposited on the at least one dielectric
material layer (62, 70U). The at least one overlying dielectric
material layer 90 may be a single homogeneous dielectric
material layer or a stack of multiple dielectric material layers
having different compositions. Exemplary materials that may
be employed for the at least one overlying dielectric material
layer 90 include silicon nitride, silicon oxide, organosilicate
glass (OSG), and other dielectric materials for interconnect
levels as known in the art. Contact via structures are formed in
the at least one overlying dielectric material layer 90 and/or
the at least one dielectric material layer (62, 70U) be forming
via cavities employing lithographic patterning and an etch
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and by filling the via cavities with a conductive material. The
contact via structures may include a source-side contact via
structure 92, a drain-side contact via structure 94, and a gate-
side contact via structure 96.

[0058] Referring to FIG. 11, a second exemplary semicon-
ductor structure according to a second embodiment of the
present disclosure is derived from the first exemplary semi-
conductor structure of FIG. 4 by depositing a gate dielectric
layer 70L. and forming a gate-side blocking structure 72G.
The gate dielectric layer 70L. of the second embodiment can
have the same composition and thickness as the gate dielec-
tric layer 70L of the first embodiment, and can be formed by
employing the same processing steps as in the first embodi-
ment.

[0059] The gate-side blocking structure 72G of the second
embodiment can have the same composition as the gate-side
blocking structure 72G of the first embodiment, but the gate-
side blocking structure 72G of the second embodiment may
be selected from additional materials that may be deposited
employing a non-directional deposition method or even a
conformal deposition method such as low pressure chemical
vapor deposition (LPCVD).

[0060] The gate cavity 49 is filled with a blocking material
layer (not shown) including a material that can be removed
selective to the material of the gate dielectric layer 70L. in an
etch process. The blocking material layer is then recessed to
alevel below atop surface of the dielectric gate spacer 40. The
remaining portion of the blocking material layer within the
gate cavity 49, which is a recessed region, forms the gate-side
blocking structure 72G. The gate-side blocking structure 72G
is a blocking structure that overlies a bottom horizontal por-
tion of the gate dielectric layer 70L at the gate cavity 49.
[0061] In the second embodiment, the gate-side blocking
structure 72G can be formed by filling the gate cavity 49 with
any material that can be removed selective to the material of
the gate dielectric layer 70L. The material of the gate-side
blocking structure 72G does not need to be resistant to an etch
process that is employed to remove exposed portions of the
gate dielectric layer 70L in a later processing step described
below, provided that the some portion of the gate-side block-
ing structure 72G remains at the end of that etch process.
[0062] Referringto FIG. 12, an etch process is performed to
remove the exposed portions of the dielectric material layer
70L. The etch process can be selective to the material of the
gate-side blocking structure 72G, but need not be selective to
the material of the gate-side blocking structure 72G provided
that at least a portion of the gate-side blocking structure 72G
remains after the etch process. The remaining portion of the
gate dielectric layer 70G forms a gate dielectric 70G, which
has a U-shape and includes a horizontal portion contacting a
top surface of the semiconductor layer 10 and a vertical
peripheral portion that contacts a lower portion of the inner
sidewalls of the dielectric gate spacer 40. The top surface of
the vertical peripheral portion of the gate dielectric 70G can
have a concave curvature due to the blockage of etching by the
gate-side blocking structure 72G. The thickness of the gate-
side blocking structure 72G may, or may not, be reduced
during the etch process depending on the selectivity of the
etch process to the material of the gate-side blocking structure
72G.

[0063] Referring to FIG. 13, the same processing steps as
the processing steps of FIG. 8 according to the first embodi-
ment can be employed to remove the gate-side blocking struc-
ture 72G selective to the gate dielectric 70G.
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[0064] Referring to FIG. 14, the same processing steps as
the processing steps of FIGS. 9 and 10 according to the first
embodiment can be employed to form a gate electrode (704,
76), at least one overlying dielectric material layer 90, and
various conductive via structures (92, 94, 96).

[0065] As in the first embodiment, the gate dielectric 70G
includes a horizontal portion and a peripheral portion. The
peripheral portion has outer sidewalls that adjoin the entirety
of the periphery of the horizontal portion. Further, the gate
dielectric 70G includes inner sidewalls that contact lower
portions of the sidewalls of the work function metal portion
74. The inner sidewalls and the outer sidewalls of the gate
dielectric 70G protrude above a top planar surface of the
horizontal portion of the gate dielectric 70G that is parallel to
a bottom planar surface of the horizontal portion of the gate
dielectric 70G. The entirety of the gate dielectric 70G is of
unitary construction and may have a same composition
throughout. The topmost portion of the peripheral portion of
the gate dielectric 70G can include a contiguous concave
surface that faces inward, i.e., toward the work function metal
portion 74, and upward. The entirety of the contiguous con-
cave surface of the topmost portion of the peripheral portion
of'the gate dielectric 70G can contact the work function metal
portion 74.

[0066] Referring to FIG. 15, a third exemplary semicon-
ductor structure according to a third embodiment of the
present disclosure is derived from the first exemplary semi-
conductor structure of FIG. 4 by depositing a gate dielectric
layer 70L. and forming a gate-side blocking structure 72G.
The gate dielectric layer 70L. of the second embodiment can
have the same composition and thickness as the gate dielec-
tric layer 70L of the first embodiment, and can be formed by
employing the same processing steps as in the first embodi-
ment.

[0067] A non-conformal work function metal layer 74L is
deposited on the inner sidewalls and top surfaces of the gate
dielectric layer 70, employing a non-conformal deposition
process. The non-conformal work function metal layer 74L is
a continuous material layer that continuously covers the
entirety of the exposed surfaces of the gate dielectric layer
70L. The non-conformal deposition process can be physical
vapor deposition, non-conformal chemical vapor deposition
operating in a mass-transport limited deposition region, or
vacuum evaporation. The material of the non-conformal work
function metal layer 74L. can be the same as the composition
of the work function metal portion 74 in the first and second
embodiments, and selected for optimal performance of a field
effect transistor including the source region 12 and the drain
region 14.

[0068] The thickness of the non-conformal work function
metal layer 74L. on the sidewalls of the gate dielectric layer
70L can be from 0 nm to 30 nm, and typically from O nmto 15
nm, and the thickness of the blocking material layer on hori-
zontal portions of the gate dielectric layer 70L can be from 5
nm to 100 nm, and typically from 15 nm to 50 nm, although
the horizontal portions of the gate dielectric layer 70L. can
also have lesser or greater thicknesses. The ratio of the thick-
ness of the non-conformal work function metal layer 741 on
the sidewalls of the gate dielectric layer 70L to the thickness
of the non-conformal work function metal layer 741 on the
horizontal portions of the gate dielectric layer 70L. can be
from O to 0.8, and preferably from 0 to 0.5. If this ratio is O,
which occurs if a highly directional deposition method such
as vacuum evaporation with an angular beam spread less than
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about 2 degree is employed, the non-conformal work function
metal layer 741 can be absent (i.e., less than one atomic layer
thick) on the sidewalls of the gate dielectric layer 701, and an
isotropic etch of the non-conformal work function metal layer
74L., described below, may be omitted.

[0069] Referring to FIG. 16, an isotropic etch or an etch
including an isotropic component (i.e., an etch that is not
100% anisotropic) is employed to remove sidewall portions
of the non-conformal work function metal layer 74L. A
remaining portion of the work function metal layer 74L
located on a horizontal portion of the gate dielectric layer 70L
within the recessed region, i.e., within the gate cavity 49, is a
work function metal portion 74G, and a remaining portion of
the work function metal layer 74L located on the topmost
surface of the gate dielectric layer 70L is a metallic liner 74U.
The metallic liner 74U has the same composition and thick-
ness as the work function metal layer 74L.. The work function
metal portion 74G is a gate component that is incorporated
into a gate structure of a field effect transistor to be subse-
quently formed.

[0070] Sidewalls of vertical portions of the gate dielectric
layer 70L are exposed over the work function metal portion
74G in the gate cavity 49. In one embodiment, the isotropic
etch or the etch including an isotropic component is selective
to the material of the gate dielectric layer 701, and the
exposed sidewall portions of the gate dielectric layer 40 can
be substantially intact after the isotropic etch or the etch
including the isotropic component.

[0071] Referring to FIG. 17, a conductive material layer
76L. is deposited to fill the gate cavity 49. The conductive
material layer 76L. of the third embodiment can have the same
composition as the conductive material layer of the first
embodiment, i.e., can have the same composition as the con-
ductive material portion 76 of the first embodiment, and can
be formed employing the same processing steps employed to
deposit the conductive material layer of the first embodiment.
[0072] Referring to FIG. 18, the portion of the conductive
material layer 761. above the top surface of the dielectric
material layer 62 and the metallic layer 74U are removed by
a planarization process, which can employ a recess etch,
chemical mechanical planarization, or a combination thereof.
A topmost surface of the dielectric material layer 62 is copla-
nar with the topmost surface of the remaining portion of the
gate dielectric layer 701, which is herein referred to as a gate
dielectric 70G, and the topmost surface of the remaining
portion of the conductive material layer 761, which is herein
referred to as a conductive material portion 76, and the top-
most surface of the dielectric gate spacer 40. Variation of the
third embodiment can also be practiced in which a portion of
the gate dielectric layer 70L is present over the top surface of
the dielectric material layer 62, and the topmost surface of the
conductive material portion 76 is coplanar with the top sur-
face of the portion of the gate dielectric layer 70L over the
dielectric material layer 62.

[0073] The stack of the work function metal portion 74G
and the conductive metal portion 76 collectively form a gate
electrode (74G, 76). The sidewalls of the conductive metal
portion 74G contact, and are vertically coincident with, a
bottom portion of the inner sidewalls of the gate dielectric
70G. As used herein, an element is vertically coincident with
another element if the element overlaps with, and is congru-
ent with, the other element in a top-down view. The work
function metal portion 74G has a planar top surface contact-
ing, and having the same area as, a planar bottom surface of
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the conductive material portion 76. The gate dielectric 70G is
U-shaped having a peripheral vertical portion that extent to
the top surface of the gate electrode (74G, 76). The work
function metal portion 74G is laterally separated from the
dielectric gate spacer 40 by the vertical sidewall portion of the
gate dielectric layer 70G.

[0074] Referring to FIG. 19, the same processing steps as
the processing steps of FIG. 10 according to the first embodi-
ment can be employed to form at least one overlying dielec-
tric material layer 90 and various conductive via structures
(92, 94, 96).

[0075] Referring to FIG. 20, a fourth exemplary semicon-
ductor structure according to a fourth embodiment of the
present disclosure can be derived from the third exemplary
structure of FIG. 16 be performing an additional etch that
selectively removes exposed sidewall portions of the gate
dielectric layer 70L to form a gate dielectric 70G having
geometrical features as the gate dielectric 70G of the first
embodiment. The gate dielectric 70G is a first gate compo-
nent that is formed from a remaining portion of a first con-
tinuous material layer, which is the gate dielectric layer 70L
as shown in FIG. 16. The gate dielectric 70G is incorporated
into a gate stack of a field effect transistor.

[0076] A conductive material layer 761 is deposited
employing the same processing steps as in FIG. 17 according
to the third embodiment. Subsequently, the processing steps
of FIGS. 18 and 19 are performed in the same manner as in the
third embodiment. Because the inner sidewalls of the dielec-
tric gate spacer 40 are exposed by the etch that removes
sidewall portions of the gate dielectric layer 70L,, all sidewalls
of'a conductive material portion 76 contact the inner sidewalls
of the dielectric gate spacer 40 in the fourth embodiment.

[0077] As in the first and second embodiments, the gate
dielectric 70G of the fourth embodiment includes a horizontal
portion and a peripheral portion. The peripheral portion has
outer sidewalls that adjoin the entirety of the periphery of the
horizontal portion. Further, the gate dielectric 70G includes
inner sidewalls that contact lower portions of the sidewalls of
the work function metal portion 74. The inner sidewalls and
the outer sidewalls of the gate dielectric 70G protrude above
a top planar surface of the horizontal portion of the gate
dielectric 70G that is parallel to a bottom planar surface of the
horizontal portion of the gate dielectric 70G. The entirety of
the gate dielectric 70G is of unitary construction and may
have a same composition throughout. The topmost portion of
the peripheral portion of the gate dielectric 70G can include a
contiguous concave surface that faces inward, i.e., toward the
work function metal portion 74, and upward. The entirety of
the contiguous concave surface of the topmost portion of the
peripheral portion of the gate dielectric 70G can contact con-
ductive material portion 76, and does not contact any portion
of the work function metal portion 74.

[0078] The work function metal portion 74G of the fourth
embodiment has a planar top surface contacting, and having a
same area as, a planar bottom surface of the conductive mate-
rial portion 76. Further, an upper portion of the sidewall
surfaces of the work function metal portion 74G contacts the
conductive material portion 76. A lower portion of the side-
wall surfaces of the work function metal portion 74G contacts
the gate dielectric 70G. The work function metal portion 74G
is a second gate component that is formed from a remaining
portion of a second continuous material layer, which is the
non-conformal work function metal layer 74L. as shown in
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FIG. 15. The work function metal portion 74G is also incor-
porated into a gate stack of the field effect transistor.

[0079] While the disclosure has been described in terms of
specific embodiments, it is evident in view of the foregoing
description that numerous alternatives, modifications and
variations will be apparent to those skilled in the art. For
example, though the present disclosure is described with
exemplary structures including a field effect transistor and an
antifuse structure, the present disclosure may be practiced
without any field effect transistor. Accordingly, the disclosure
is intended to encompass all such alternatives, modifications
and variations which fall within the scope and spirit of the
disclosure and the following claims.

What is claimed is:

1. A semiconductor structure comprising:

a field effect transistor including a gate stack of a gate
dielectric and a gate conductor, wherein said gate dielec-
tric includes a dielectric material having a dielectric
constant greater than 8.0 and includes a horizontal por-
tion and a peripheral portion including sidewalls that
protrude above a top planar surface of said horizontal
portion; and

a dielectric gate spacer including a dielectric material hav-
ing a different composition than said gate dielectric and
contacting sidewalls of said gate conductor.

2. The semiconductor structure of claim 1, wherein the
field effect transistor is present on a semiconductor substrate
including a semiconductor material that is selected from the
group consisting of silicon, silicon containing alloy, germa-
nium containing alloy, I1I-V compound semiconductor, I[I-IV
semiconductor and a combination thereof.

3. The semiconductor structure of claim 1, further com-
prising source regions and drain regions in the semiconductor
substrate on opposing sides of the gate structure.

4. The semiconductor structure of claim 1, wherein the gate
dielectric has a thickness of 10 nm or less.

5. The semiconductor structure of claim 1, further com-
prising at least one dielectric material layer laterally contact-
ing said dielectric gate spacer and having a top surface that is
coplanar with a top surface of said gate electrode.

6. The semiconductor structure of claim 1, wherein the
horizontal portion and the peripheral portion are unitary and
have a U-shaped geometry.

7. The semiconductor structure of claim 1, wherein the
horizontal portion does not extend along an entirety of the
sidewalls of the gate conductor.

8. The semiconductor structure of claim 1, wherein the
horizontal portion does extend along an entirety of the side-
walls of the gate conductor so that an upper surface of the
horizontal portion is coplanar with an upper surface of the
gate conductor.
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9. The semiconductor structure of claim 1, wherein the gate
conductor includes a work function metal portion.

10. The semiconductor structure of claim 1, wherein a
lower portion of inner sidewalls of said dielectric gate spacer
laterally contacts said gate dielectric and an upper portion of
said inner sidewalls of said dielectric gate spacer laterally
contacts said gate electrode.

11. A semiconductor structure comprising:

a field effect transistor including a gate stack of a gate
dielectric and a gate conductor, wherein said gate con-
ductor includes a work function metal portion and a
conductive metal portion, wherein sidewalls of said con-
ductive metal portion contact, and are vertically coinci-
dent with, sidewalls of said gate dielectric.

12. The semiconductor structure of claim 11, wherein all
sidewalls of said work function metal portion contact inner
sidewalls of said gate dielectric.

13. The semiconductor structure of claim 11, wherein said
work function metal portion has a planar top surface contact-
ing, and having a same area as, a planar bottom surface of said
conductive material portion.

14. The semiconductor structure of claim 11, wherein the
field effect transistor is present on a semiconductor substrate
including a semiconductor material that is selected from the
group consisting of silicon, silicon containing alloy, germa-
nium containing alloy, I1I-V compound semiconductor, I[I-IV
semiconductor and a combination thereof.

15. The semiconductor structure of claim 11, further com-
prising source regions and drain regions in the semiconductor
substrate on opposing sides of the gate structure.

16. The semiconductor structure of claim 11, wherein the
gate dielectric has a thickness of 10 nm or less.

17. The semiconductor structure of claim 11, wherein the
gate dielectric includes a horizontal portion and a peripheral
portion are unitary and have a U-shaped geometry.

18. The semiconductor structure of claim 1, wherein the
gate dielectric includes a horizontal portion and a peripheral
portion, wherein the peripheral portion includes sidewalls
that protrude above a top planar surface of said horizontal
portion.

19. The semiconductor structure of claim 12, wherein the
horizontal portion does extend along an entirety of the side-
walls of the gate conductor so that an upper surface of the
horizontal portion is coplanar with an upper surface of the
gate conductor.

20. The semiconductor structure of claim 12, wherein a
lower portion of inner sidewalls of said dielectric gate spacer
laterally contacts said gate dielectric and an upper portion of
said inner sidewalls of said dielectric gate spacer laterally
contacts said gate electrode.
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