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FIN SHAPE FOR FIN FIELD-EFFECT
TRANSISTORS AND METHOD OF FORMING

This application is a non-provisional and claims the benefit
of' U.S. Patent Application Ser. No. 61/776,515, filed on Mar.
11, 2013, entitled “Fin Shape For Fine Field-Eftect Transis-
tors And Method Of Forming,” and U.S. Patent Application
Ser. No. 61/788,345, filed on Mar. 15, 2013, entitled “Fin
Shape For Fine Field-Effect Transistors And Method Of
Forming,” which applications are hereby incorporated herein
by reference in their entirety.

BACKGROUND

The dominant semiconductor technology used for the
manufacture of ultra-large scale integrated (ULSI) circuits is
the metal-oxide-semiconductor field effect transistor (MOS-
FET) technology. Reduction in the size of MOSFETs has
provided continued improvement in speed, performance, cir-
cuit density, and cost per unit function over the past few
decades. As the gate length of the conventional bulk MOS-
FET is reduced, the source and drain increasingly interact
with the channel and gain influence on the channel potential.
Consequently, a transistor with a short gate length suffers
from problems related to the inability of the gate to substan-
tially control the on and off states of the channel.

Phenomena such as reduced gate control associated with
transistors with short channel lengths are termed short-chan-
nel effects. Increased body doping concentration, reduced
gate oxide thickness, and ultra-shallow source/drain junc-
tions are ways to suppress short-channel effects. However, for
device scaling well into the sub-30 nm regime, approaches
involving the use of fin field-effect transistors (finFETs) are
being investigated to improve the short channel effects.

Generally, finFETs comprise raised source/drain regions
having one or more raised channel regions, referred to as a fin.
A gate dielectric and a gate electrode are formed over the fin.
Ithas been found that finFETs provide for improved scalabil-
ity as design requirements shrink and better short-channel
control.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion, and the advantages thereof, reference is now made to the
following descriptions taken in conjunction with the accom-
panying drawings, in which:

FIGS. 1A-1C, 2A-2C, 3A-3C, 4A-4C, and 5A-5C illus-
trate various views during various processing steps of form-
ing a finFET in accordance with another embodiment of the
present invention;

FIG. 6 illustrates an enlarged view of a notch formed in a
gate electrode in accordance with an embodiment;

FIGS. 7A-7F illustrate various shapes of notches in accor-
dance with embodiments;

FIGS. 8A-8F illustrate various shapes of recesses in accor-
dance with embodiments; and

FIG. 9 is a flowchart illustrating a method of forming
finFETs in accordance with an embodiment.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

The making and using of the presently preferred illustrative
embodiments are discussed in detail below. It should be
appreciated, however, that the present invention provides
many applicable inventive concepts that can be embodied in a
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2

wide variety of specific contexts. The specific illustrative
embodiments discussed are merely illustrative of specific
ways to make and use the invention, and do not limit the scope
of the invention.

Embodiments of the present invention provide several
improved methods for the formation of semiconductor
devices and the resulting structures. These embodiments are
discussed below in the context of forming finFET transistors
having a single fin or multiple fins on a bulk silicon substrate.
One of ordinary skill in the art will realize that embodiments
of the present invention may be used with other configura-
tions, such as, for example, omega-FETs or structures having
two or more fins.

FIGS. 1A-5C illustrate a method of forming a finFET
device in accordance with an embodiment of the present
invention. Referring first to FIGS. 1A-1C, FIG. 1C represents
a top view of a wafer comprising a substrate 110, fins 112, a
dielectric layer 114, and a first mask layer 126. As shown in
FIGS. 1A and 1B, wherein FIG. 1A is a cross-sectional view
taken along the A-A line of FIG. 1C and FIG. 1B is a cross-
sectional view taken along the B-B line of FIG. 1C, the first
mask layer 126 is formed over a gate insulator layer 118 and
a gate electrode layer 120. The structure illustrated in FIGS.
1A-1C is provided for illustrative purposes only and may be
formed by any suitable method for forming a finFET.

Generally, the substrate 110 may be any semiconductor
material and may comprise known structures including a
graded layer or a buried oxide, for example. In an embodi-
ment, the substrate 110 comprises bulk silicon that may be
undoped or doped (e.g., p-type, n-type, or a combination
thereof). Other materials that are suitable for semiconductor
device formation may be used. Other materials, such as ger-
manium, quartz, sapphire, and glass could alternatively be
used for the substrate 110. Alternatively, the silicon substrate
110 may be an active layer of a semiconductor-on-insulator
(SOI) substrate or a multi-layered structure such as a silicon-
germanium layer formed on a bulk silicon layer.

The fins 112 may be formed, for example, by patterning
and etching the substrate 110 by using photolithography tech-
niques. Generally, a layer of photoresist material is deposited
over the substrate 110. The layer of photoresist material is
irradiated (exposed) in accordance with a desired pattern (the
fins 112 in this case) and developed to remove a portion of the
photoresist material. The remaining photoresist material pro-
tects the underlying material from subsequent processing
steps, such as etching. It should be noted that other masks,
such as an oxide or silicon nitride mask, may also be used in
the etching process.

In other embodiments, the fins 112 may be epitaxially
grown. For example, exposed portions of an underlying mate-
rial, such as an exposed portion of the substrate 110, may be
used in an epitaxial process to form the fins 112. A mask may
beused to control the shape of the fins 112 during the epitaxial
growth process.

The dielectric layer 114, which acts as a shallow trench
isolation (STI) around the fins 112, may be formed by chemi-
cal vapor deposition (CVD) techniques using tetra-ethyl-
ortho-silicate (TEOS) and oxygen as a precursor. In another
embodiment, the dielectric layer 114 may be formed by
implanting ions, such as oxygen, nitrogen, carbon, or the like,
into the silicon substrate 110. In yet another embodiment, the
dielectric layer 114 is the insulator layer of a SOI wafer.

The gate insulator layer 118, which prevents electron
depletion, may be, for example, an oxide layer formed by any
oxidation process, such as wet or dry thermal oxidation in an
ambient comprising O,, H,0, NO, or a combination thereof,
an in-situ steam generation (ISSG) process in an ambient
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environment of O,, H,O, NO, a combination thereof, or the
like. Other materials including, high k dielectric materials,
such as: HfO,, HfSiO,, ZnO, ZrO,, Ta,05, Al,O; and the
like, and other processes, such as Atomic Layer Deposition
(ALD), Atomic Vapor Deposition (AVD), and the like, may
also be used.

The gate electrode layer 120 preferably comprises a semi-
conductor material such as polysilicon, amorphous silicon, or
the like that has been deposited over the fins 112 as illustrated
in FIG. 1A. The gate electrode layer 120 may be deposited
doped or undoped. For example, in an embodiment the gate
electrode layer 120 comprises polysilicon deposited undoped
by low-pressure chemical vapor deposition (LPCVD). Once
applied, the polysilicon may be doped with, for example,
phosphorous ions (or other P-type dopants) to form a PMOS
device or boron (or other N-type dopants) to form an NMOS
device. The polysilicon may also be deposited, for example,
by furnace deposition of an in-situ doped polysilicon. Alter-
natively, the gate electrode layer 120 may comprise a poly-
silicon metal alloy or a metal gate comprising metals such as
tungsten, nickel, aluminum, tantalum, and titanium, for
example.

The first mask layer 126 is a protective layer that will be
subsequently patterned to prevent the underlying structures
(e.g., the gate electrode layer 120) from being removed during
subsequent processes, such as etching or implanting steps.
One such suitable first mask layer 126 comprises an oxide
mask layer 122 and a nitride mask layer 124 as illustrated in
FIGS. 1A-1B. The oxide mask layer 122 may be a silicon
oxide layer formed by CVD techniques using TEOS and
oxygen as a precursor. The nitride layer may be a silicon
nitride formed using CVD techniques using silane and
ammonia as precursor gases, and deposition temperatures
ranging from 550° to 900° C. The nitride layer may comprise
other nitrogen containing layers, such as silicon oxynitride
SiO,N,, silicon oxime SiO,N :H,, or a combination thereof.

One of ordinary skill in the art will appreciate that other
mask materials and/or structures may be used to form the first
mask layer 126. For example, other materials, a single layer,
three or more layers, or the like may be used.

FIGS. 1A-1C further illustrate a first patterned mask 230
formed over the first mask layer 126 and patterned to define
gate electrode lines. In an embodiment, the first patterned
mask 230 is a photoresist mask formed by depositing, expos-
ing, and developing a layer of photoresist material. The pat-
terned mask 230 is patterned to form gate electrode lines in
subsequent processing steps as discussed in greater detail
below.

Referring now to FIGS. 2A-2C, wherein FIGS. 2A and 2B
are cross-sectional views along the A-A and B-B lines,
respectively, of FIG. 2C, there is illustrated patterning of the
first mask layer 126 to define gate electrode lines in accor-
dance with an embodiment. In an embodiment in which the
first mask layer 126 comprises the nitride mask layer 124 and
the oxide mask layer 122, the first mask layer 126 may be
patterned using, for example, a wet dip in phosphoric acid
(H5PO,), hydrofluoric acid, and/or the like.

It should be noted that the first patterned mask 230, e.g., the
photoresist mask, is not shown in FIGS. 2A-2C for illustrative
purposes. The photoresist mask, or portions thereof, may
remain. The hardmask, such as the first mask layer 126,
provides additional protection for the underlying regions dur-
ing the etch process. As shown in FI1G. 2B, the etching during
the patterning of the first mask layer 126 may result in the gate
electrode layer 120 being slightly over-etch.

As explained in greater detail below, the gate electrodes are
defined using two patterning steps. The first patterning step
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discussed above forms continuous gate lines. A second pat-
terning step discussed below with reference to FIGS. 3A-4C
performs a cutting process in which the gate lines defined
above are “cut,” thereby defining the ends of the gate lines.

FIGS. 3A-3C, wherein FIGS. 3A and 3B are cross-sec-
tional views along the A-A and B-B lines, respectively, of
FIG. 3C, illustrate a second patterned mask 232 formed over
the first mask layer 126 and patterned to define the gate
electrode ends. In an embodiment, the second patterned mask
232 is a photoresist mask formed by depositing, exposing,
and developing a layer of photoresist material. The second
patterned mask 232 is patterned to define the gate electrode
ends in the first mask layer 126 as discussed in greater detail
below.

As illustrated in FIG. 3C, the second patterned mask 232 is
patterned to form an opening in the shape of a line extending
over multiple lines of the first mask layer 126. In other
embodiments, the patterned formed by the second patterned
mask 232 may be one or more openings, each opening
extending over one or more of the lines formed by the first
mask layer 126. For example, in embodiments, each of the
lines formed by the first mask layer 126 has a circular, rect-
angular, or other shaped opening formed in the second pat-
terned mask 232, thereby defining the line ends.

FIGS. 4A-4C, wherein FIGS. 4A and 4B are cross-sec-
tional views along the A-A and B-B lines, respectively, of
FIG. 4C, illustrate a second patterning step of the first mask
layer 126 to define the gate ends. In an embodiment in which
the first mask layer 126 comprises the nitride mask layer 124
and the oxide mask layer 122, the first mask layer 126 may be
patterned using, for example, a wet dip in phosphoric acid
(H5PO,), hydrofluoric acid, and/or the like. It should be noted
that the order of patterning to form the gate electrode lines
followed by patterning to cut the lines was provided for illus-
trative purposes. Other embodiments may utilize a different
order. For example, in other embodiments, the patterning may
be reversed such that the ends of the gate electrode are pat-
terned first followed by the patterning to form the gate elec-
trode lines.

As described above, the first mask layer 126 was patterned
using two patterning processes. The first patterning process
described above with reference to FIGS. 1 and 2 patterned the
first mask layer 126 to define the gate electrode lines, and the
second patterning process described above with reference to
FIGS. 3 and 4 cut the gate electrode line pattern of the first
mask layer 126 to form the gate ends.

As illustrated in FIG. 4A, an over-etch may be performed
during the patterning of the gate line ends. In an embodiment,
the over-etch results in recesses 430 being formed in the gate
electrode layer 120. In an embodiment a depth T of the gate
electrode layer 120 is from about 0 A to about 2,000 A. The
recess 430 formed during the etching of the gate ends is
greater than any recess that may be formed during etch to
form the gate lines (see FIGS. 1 and 2). This recess 430 in the
gate end region will aid in the formation of notches in the gate
ends in subsequent processing steps and discussed below.

It should be noted that the second patterned mask 232, e.g.,
the photoresist mask, is not shown in FIGS. 4A-4C for illus-
trative purposes. The hardmask, such as the first mask layer
126, provides additional protection for the underlying regions
during the etch process. The second patterned mask 232 may
be removed after patterning the first mask layer 126.

Referring now to FIGS. 5A-5C, wherein FIGS. 5A and 5B
are cross-sectional views along the A-A and B-B lines,
respectively, of FIG. 5C, there is illustrated results of a second
etch process to complete etching of gate electrode layer 120
and forming notches 558 in the gate electrode line ends,
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thereby forming gate electrodes 432 in accordance with an
embodiment. The gate electrode layer 120 is patterned using
the patterned first mask layer 120 (see FIGS. 4A-4C) as an
etch mask. As illustrated in F1G. 5B, the profile of sides of the
gate electrode 432 are relatively linear (within process varia-
tions). In contrast, in an embodiment the recesses 430 (see
FIG. 4A) formed in the gate electrode layer 120 (see FIG. 4A)
allows formation of notches 558 in the ends of the gate elec-
trode 432 as illustrated in FIG. 5A. Such an arrangement as
that illustrated in FIGS. 5A-5C provide for better control. For
example, the spacing between adjacent gate ends, illustrated
in FIG. 5C as distance S1, may be decreased and controlled
while reducing the risk of bridging between the gate ends and
gate leakage.

FIGS. 5A and 5B further illustrate an inter-layer dielectric
(ILD) 560 formed over the gate electrodes 432 and in the
notches 558. In an embodiment, the ILD 560 is formed of an
oxide such as phospho-silicate glass (PSG), boro-silicate
glass (BSG), boron-doped phospho-silicate glass (BPSG),
TEOS, or the like.

FIG. 6 is an enlarged view of the indented region or notch
at the end of the gate electrode 432 illustrated in FIG. 5A.
Note that FIG. 6 illustrates that FIG. 6 illustrates the mask 126
remaining on the gate electrode 432. The mask 126 may
optionally be removed, as illustrated in FIG. 5A, prior to
forming the ILD 560. The notch 558 exhibits a height H1,
which in an embodiment is greater than zero and less than
2,000 nm. In this embodiment, gate electrode 432 extends
past the fin 112 a first distance D1, and the notch 558 is offset
from the fin 112 a second distance D2. In this configuration,
a ratio of D1:D2 is greater than 1. The second distance D2
may be greater than zero and less than the first distance,
thereby providing contact to the fin 112, yet providing a notch
to reduce bridging. A configuration such as this provides a
larger distance of gate electrode line end to gate electrode line
end, thereby increasing the process window and reducing
leakage. Additionally, configurations such as these may also
provide a larger process window for high-k metal gate gap
filling. The notch areas further provide a smaller distance
between the line ends while still maintaining sufficient back-
filling with a dielectric material as discussed in greater detail
below.

FIGS. 7A-7F illustrate various shapes that may be used to
form the notch 558. Generally, the desired shape of the notch
558 may be obtained by varying the process conditions, such
as the type of process gas, the concentration of the process
gas, temperature, pressure, and the like.

Referring first to FIG. 7A, a triangular-shaped notch is
formed. Inan embodiment, the triangular-shaped notch 558 is
formed using a dry etch process using a process gas such as
CHF;, CF,, CH,F,, SF, O,, or the like, and a carrying gas
such as He, Ar, or the like. The dry etch process may be
performed at a temperature from about 25° C. to about 80° C.
and at a pressure from about 1 mtorr to about 20 mtorr.

FIG. 7B illustrates an embodiment in which an elliptical-
shaped notch is formed. In an embodiment, the elliptical-
shaped notch 558 is formed using a dry etch process using a
process gas such as CHF;, CF,, CH,F,, SF,, O,, or the like,
and a carrying gas such as He, Ar, or the like. The dry etch
process may be performed at a temperature from about 25° C.
to about 80° C. and at a pressure from about 3 mtorr to about
20 mtorr.

FIG. 7C illustrates an embodiment in which a square-
shaped notch is formed. In an embodiment, the square-shaped
notch 558 is formed using a dry etch process using a process
gas such as CHF;, CF,, CH,F,, SF,, O,, or the like, and a
carrying gas such as He, Ar, or the like. The dry etch process
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may be performed at a temperature from about 25° C. to about
80° C. and at a pressure from about 1 mtorr to about 20 mtorr.

FIG. 7D illustrates an embodiment in which a round-
shaped notch is formed. In an embodiment, the round-shaped
notch 558 is formed using a dry etch process using a process
gas such as CHF;, CH,F,, SF, O,, or the like, and a carrying
gas such as He, Ar, or the like. The dry etch process may be
performed at a temperature from about 25° C. to about 80° C.
and at a pressure from about 1 mtorr to about 10 mtorr.

FIG. 7E illustrates an embodiment in which a rough or
ladder-shaped notch is formed. In an embodiment, the rough
orladder-shaped notch 558 is formed using a dry etch process
using a process gas such as CF,,, CH,F,, SF, or the like, and
acarrying gas such as He, Ar, or the like. The dry etch process
may be performed at a temperature from about 40° C. to about
80° C. and at a pressure from about 1 mtorr to about 10 mtorr.

FIG. 7F illustrates an embodiment in which a cloud or
smooth-shaped notch is formed. In an embodiment, the cloud
or smooth-shaped notch 558 is formed using a dry etch pro-
cess using a process gas such as CF,, SF, or the like, and a
carrying gas such as He, Ar, or the like. The dry etch process
may be performed at a temperature from about 40° C. to about
80° C. and at a pressure from about 1 mtorr to about 10 mtorr.

FIGS. 8A-8F illustrate various shapes that may be used to
form arecess in the underlying dielectric layer 114 in optional
embodiments. It is believed that in some embodiments the
notch 558 illustrated above may exhibit gap filling issues
when attempting to fill the notch 558 with a dielectric mate-
rial, such as the ILD layer 560 (see FIG. 5A). In these embodi-
ments, it may be desirable to form a recess in the dielectric
layer 114 between the ends of the gate electrode 432. FIGS.
8A-8F illustrates various shapes that may be used to form a
recess 832 in the dielectric layer 114. In an embodiment, the
recess 832 has a depth from about 0 A to about 1,000 A.

Itshould be noted that FIGS. 8A-8F illustrate the notch 558
as a triangular-shaped notch, but that other shapes of notches
may be used, such as those discussed above with reference to
FIGS. 7A-7F.

Inan embodiment, the recess 832 in the dielectric layer 114
is limited to the area of the notches and the region near the
gate electrode line ends. In this embodiment, one or more
masks (not shown), such as a photoresist mask, may be used
to protect other areas of the dielectric layer 114 while expos-
ing the dielectric layer 114 near the gate electrode line ends.

Referring first to FIG. 8A, there is shown a square-shaped
recess formed in the dielectric layer 114. In an embodiment,
the square-shaped recess is formed by a dry etch process
using a process gas suchas CHF;, CF,, CH,F,, SF,, O,, orthe
like, and a carrying gas such as He, Ar, or the like. The dry
etch process may be performed at a temperature from about
25° C.to about 80° C. and at a pressure from about 1 mtorr to
about 20 mtorr.

FIG. 8B illustrates an embodiment in which there is shown
an anisotropic bottom rounded-shaped recess formed in the
dielectric layer 114. In an embodiment, the bottom rounded-
shaped recess is formed by a dry etch process using a process
gas such as CHF;, CF,, SF, O,, or the like, and a carrying gas
such as He, Ar, or the like. The dry etch process may be
performed at a temperature from about 25° C. to about 80° C.
and at a pressure from about 3 mtorr to about 20 mtorr.

FIG. 8C illustrates an embodiment in which there is shown
a diamond-shaped recess formed in the dielectric layer 114.
In an embodiment, the diamond-shaped recess is formed by a
dry etch process using a process gas such as CHF;, CF,,
CH,F,, O,, or the like, and a carrying gas such as He, Ar, or
the like. The dry etch process may be performed at a tempera-
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ture from about 25° C. to about 80° C. and at a pressure from
about 3 mtorr to about 20 mtorr.

FIG. 8D illustrates an embodiment in which there is shown
a trapezoid or triangular-shaped recess formed in the dielec-
tric layer 114. In an embodiment, the trapezoid or triangular-
shaped recess is formed by a dry etch process using a process
gas such as CHF;, CF,, CH,F,, O,, or the like, and a carrying
gas such as He, Ar, or the like. The dry etch process may be
performed at a temperature from about 25° C. to about 80° C.
and at a pressure from about 1 mtorr to about 20 mtorr.

FIG. 8E illustrates an embodiment in which there is shown
an anisotripic sidewall rounding-shaped recess formed in the
dielectric layer 114. In an embodiment, the sidewall round-
ing-shaped recess is formed by a dry etch process using a
process gas such as CF,, CH,F,, SF,, CH,F, O,, or the like,
and a carrying gas such as He, Ar, or the like. The dry etch
process may be performed at a temperature from about 40° C.
to about 80° C. and at a pressure from about 1 mtorr to about
10 mtorr.

FIG. 8F illustrates an embodiment in which there is shown
an isotropic-shaped recess formed in the dielectric layer 114.
In an embodiment, the trapezoid or isotropic-shaped recess is
formed by a dry etch process using a process gas such as HF,
NH;, H,O, or the like, and a carrying gas such as N or the like.
The dry etch process may be performed at a temperature from
about 20° C. to about 300° C. and at 1 ATM.

Thereafter, additional processes may be performed to com-
plete the device. For example, the gate electrode may be
doped, spacers may be formed, portions of the gate electrode
may be silicided, inter-layer dielectric (ILD) layers/and inter-
metal dielectric (IMD) layers may be formed, metallization
layers may be formed, and the like.

FIG. 9 is a flowchart illustrating a method of forming a
finFET in accordance with an embodiment. The process
begins in step 902 wherein a substrate having fins, a dielectric
layer between adjacent fins, and a gate electrode layer over
the fins and the dielectric layer is provided, such as that
discussed above with reference to FIGS. 1A-1C. In step 906,
a gate electrode layer is patterned to form gate electrodes
having notches formed in the line ends, such as that discussed
above with reference to FIGS. 2A-7F. Optionally, in step 908,
recesses are formed in the dielectric layer under the recesses,
as discussed above with reference to FIGS. 8A-8F.

In an embodiment, a method of forming a finFET is pro-
vided. The method includes providing a substrate having fins
extending therefrom and forming a first dielectric layer
between adjacent fins, and forming a gate electrode layer over
the fins and the dielectric layer. The gate electrode layer is
patterned to provide a plurality of gate electrodes, wherein
ends of the plurality of gate electrodes have a notch along a
bottom edge. The dielectric layer under the notch may be
recessed.

In another embodiment, another method of forming a fin-
FET is provided. The method includes providing a substrate
having at least two fins aligned laterally, forming a first
dielectric layer between ends of the two fins, and forming a
first gate electrode over at least a first fin and a second gate
electrode over at least a second fin such that the longitudinal
axes of the first gate electrode and the second gate electrode
beingaligned. A first notch is formed in an end of the first gate
electrode facing the second gate electrode, and a second notch
is formed in an end of the second gate electrode facing the first
gate electrode. The dielectric layer under the notches may be
recessed.

In yet another embodiment, a finFET is provided. The
finFET includes a fin extending away from a substrate and a
dielectric layer adjacent the fin. A gate electrode is positioned
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over the fin and the dielectric layer, wherein an end of the gate
electrode has a notch at an interface of the gate electrode and
the dielectric layer. The dielectric layer under the notch may
be recessed.

Although the present invention and its advantages have
been described in detail, it should be understood that various
changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the invention as
defined by the appended claims.

Moreover, the scope of the present application is not
intended to be limited to the particular illustrative embodi-
ments of the process, machine, manufacture, composition of
matter, means, methods and steps described in the specifica-
tion. As one of ordinary skill in the art will readily appreciate
from the disclosure of the present invention, processes,
machines, manufacture, compositions of matter, means,
methods, or steps, presently existing or later to be developed,
that perform substantially the same function or achieve sub-
stantially the same result as the corresponding illustrative
embodiments described herein may be utilized according to
the present invention. Accordingly, the appended claims are
intended to include within their scope such processes,
machines, manufacture, compositions of matter, means,
methods, or steps.

What is claimed is:

1. A method of forming a fin field-effect transistor (fin-
FET), the method comprising:

providing a substrate having fins extending therefrom;

forming a first dielectric layer between adjacent fins;

forming a gate electrode layer over the fins and the first
dielectric layer; and

patterning a plurality of gate electrodes from the gate elec-

trode layer, wherein ends of the plurality of gate elec-
trodes have a notch along a bottom edge, wherein an
upper surface of the notch is spaced apart from an upper
surface of the first dielectric layer.

2. The method of claim 1, further comprising forming a
recess in the first dielectric layer under the notch of the plu-
rality of gate electrodes.

3. The method of claim 2, wherein the forming a recess is
performed at least in part using a dry etch with a process gas
of CHF;, CH,F, CF,, CH,F,, SF, or O,.

4. The method of claim 2, wherein the forming a recess is
performed at least in part using a dry etch with a process gas
of HF, NHj;, or H,O, and a carrier gas of N.

5. The method of claim 1, wherein two of the plurality of
gate electrodes are aligned end-to-end, and further compris-
ing forming a recess under the notches of the two gate elec-
trodes.

6. The method of claim 5, further comprising forming a
recess in the first dielectric layer between the two gate elec-
trodes recessed such that the recess under the notches of the
two gate electrodes form a single continuous recess extending
below one notch to the other notch.

7. The method of claim 1, wherein the notch in the plurality
of gate electrodes is formed at least in part using a dry etch
process.

8. The method of claim 7, wherein the dry etch process
utilizes a process gas of CHF;, CF,,, CH,F,, SF, or O,.

9. A method of forming a fin field-effect transistor (fin-
FET), the method comprising:

providing a substrate having at least two fins aligned later-

ally;

forming a first dielectric layer between ends of the two fins;
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forming a first gate electrode over at least a first fin and a
second gate electrode over at least a second fin, longitu-
dinal axes of the first gate electrode and the second gate
electrode being aligned;

forming a first notch in an end of the first gate electrode
facing the second gate electrode;

forming a second notch in an end of the second gate elec-
trode facing the first gate electrode; and

after the forming the first notch, forming a second dielec-
tric layer in the first notch.

10. The method of claim 9, wherein the second dielectric
layer extends between the first gate electrode and the second
gate electrode.

11. The method of claim 10, wherein the second dielectric
layer extends into the second notch.

12. The method of claim 9, further comprising forming a
recess in the first dielectric layer.

13. The method of claim 12, wherein the recess extends
from under the first notch to under the second notch.
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14. The method of claim 9, wherein the recess has a depth
less than about 2,000 A.

15. The method of claim 9, wherein the forming the first
notch and the forming the second notch is performed at least
in part using a dry etch process.

16. The method of claim 15, wherein the dry etch process
utilizes a process gas of CHF3, CF,,, CH,F,, SF, or O,.

17. A fin field-effect transistor (finFET) comprising:

a fin extending away from a substrate;

a dielectric layer adjacent the fin; and

a gate electrode formed over the fin and the dielectric layer,

wherein an end of the gate electrode has a notch above an
uppermost surface of the dielectric layer.

18. The finFET of claim 17, wherein a height of the notch
is less than 2000 nm.

19. The finFET of claim 17, further comprising a recess in
the dielectric layer below the notch.

20. The finFET of claim 19, wherein the recess has a depth
less than about 2,000 A.

#* #* #* #* #*





