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(57) ABSTRACT

Embodiments are directed to a method of forming a semi-
conductor device and resulting structures having self-
aligned spacer protection layers. The method includes form-
ing a first sacrificial gate adjacent to a second sacrificial gate
on a substrate. A dielectric layer is formed on the substrate
and above top surfaces of the first and second sacrificial
gates. A self-aligned protection region is formed to cover a
first portion of the dielectric layer and a second uncovered
portion of the dielectric layer is removed. The first portion
of the dielectric layer defines a spacer after the second
portion of the dielectric layer is removed.

14 Claims, 13 Drawing Sheets
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1
GATE HEIGHT AND SPACER UNIFORMITY

BACKGROUND

The present invention relates in general to semiconductor
device fabrication methods and resulting structures. More
specifically, the present invention relates to fabrication
methods and resulting structures for a semiconductor device
having self-aligned spacer protection layers that improve
gate height and spacer uniformity.

In contemporary semiconductor device fabrication pro-
cesses a large number of semiconductor devices, such as
field effect transistors (FETs) and on-chip capacitors, are
fabricated on a single wafer. Some non-planar device archi-
tectures, such as vertical field effect transistors (VFETs),
employ semiconductor fins and side-gates that can be con-
tacted outside the active region, resulting in increased device
density and some increased performance over lateral
devices. In contemporary VFET devices, in contrast to
conventional FETs, the source to drain current flows through
a vertical pillar in a direction that is perpendicular with
respect to a horizontal major surface of the wafer or sub-
strate. A VFET can achieve a smaller device footprint
because its channel length is decoupled from the contacted
gate pitch.

SUMMARY

According to one or more embodiments of the present
invention, a method of fabricating a semiconductor device
having self-aligned spacer protection layers is provided. The
method can include forming a first sacrificial gate adjacent
to a second sacrificial gate on a substrate. The method can
include forming a dielectric layer on the substrate and above
top surfaces of the first and second sacrificial gates. The
method can include forming a self-aligned protection region
to cover a first portion of the dielectric layer. The method can
include removing a second uncovered portion of the dielec-
tric layer. The first portion of the dielectric layer defines a
spacer after the second portion of the dielectric layer is
removed.

According to one or more embodiments of the present
invention, a method of fabricating a semiconductor device
having self-aligned spacer protection layers is provided. The
method can include forming a plurality of adjacent sacrifi-
cial gates on a substrate. The method can include forming a
hard mask on a top surface of each sacrificial gate and
forming a dielectric layer on the substrate and above the top
surfaces of the sacrificial gates. The method can include
forming a protection layer over the dielectric layer and the
hard masks and removing portions of the protection layer to
expose portions of the dielectric layer between each pair of
adjacent sacrificial gates. The remaining portions of the
protection layer define self-aligned protection regions. The
method can include removing the exposed portions of the
dielectric layer to expose a surface of the substrate between
each pair of adjacent sacrificial gates. The remaining por-
tions of the dielectric layer each define a spacer on a sidewall
of a sacrificial gate. The method can include removing the
hard masks while the self-aligned protection regions protect
the spacers.

According to one or more embodiments of the present
invention, a structure having self-aligned spacer protection
layers is provided. The structure can include a first gate
having a first gate height on a substrate. The structure can
include a second gate having a second gate height on the
substrate and adjacent to the first gate. The structure can
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2

include a first and second spacer on opposite sidewalls of the
first gate and a third and forth spacer on opposite sidewalls
of'the second gate. The first gate height is substantially equal
to the second gate height. A thickness of the first, second,
third, and forth spacers is substantially equal.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter of the present invention is particularly
pointed out and distinctly defined in the claims at the
conclusion of the specification. The foregoing and other
features and advantages are apparent from the following
detailed description taken in conjunction with the accom-
panying drawings in which:

FIG. 1 depicts a cross-sectional view of a structure having
sacrificial gates formed on a substrate during an intermediate
operation of a method of fabricating a semiconductor device
according to one or more embodiments of the present
invention;

FIG. 2 depicts a cross-sectional view of the structure after
forming a first dielectric layer on the substrate during an
intermediate operation of a method of fabricating a semi-
conductor device according to one or more embodiments of
the present invention;

FIG. 3 depicts a cross-sectional view of the structure after
recessing the first dielectric layer during an intermediate
operation of a method of fabricating a semiconductor device
according to one or more embodiments of the present
invention;

FIG. 4 depicts a cross-sectional view of the structure after
forming a protection layer over the first dielectric layer and
the hard masks during an intermediate operation of a method
of fabricating a semiconductor device according to one or
more embodiments of the present invention;

FIG. 5 depicts a cross-sectional view of the structure after
removing portions of the protection layer to expose surfaces
of the first dielectric layer between each pair of adjacent
sacrificial gates during an intermediate operation of a
method of fabricating a semiconductor device according to
one or more embodiments of the present invention;

FIG. 6 depicts a cross-sectional view of the structure after
removing portions of the first dielectric layer to expose
surfaces of the substrate during an intermediate operation of
a method of fabricating a semiconductor device according to
one or more embodiments of the present invention;

FIG. 7 depicts a cross-sectional view of the structure after
forming doped regions on the substrate during an interme-
diate operation of a method of fabricating a semiconductor
device according to one or more embodiments of the present
invention;

FIG. 8 depicts a cross-sectional view of the structure after
forming a second dielectric layer over the doped regions
during an intermediate operation of a method of fabricating
a semiconductor device according to one or more embodi-
ments of the present invention;

FIG. 9 depicts a cross-sectional view of the structure after
recessing the second dielectric layer to expose portions of
the spacers during an intermediate operation of a method of
fabricating a semiconductor device according to one or more
embodiments of the present invention;

FIG. 10 depicts a cross-sectional view of the structure
after forming a third dielectric layer on the second dielectric
layer and planarizing the third dielectric layer to a surface of
the hard masks during an intermediate operation of a method
of fabricating a semiconductor device according to one or
more embodiments of the present invention;
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FIG. 11 depicts a cross-sectional view of the structure
after removing the hard masks during an intermediate opera-
tion of a method of fabricating a semiconductor device
according to one or more embodiments of the present
invention;

FIG. 12 depicts a cross-sectional view of the structure
after removing the self-aligned protection layers and por-
tions of the third dielectric layer to expose top surfaces of the
spacers during an intermediate operation of a method of
fabricating a semiconductor device according to one or more
embodiments of the present invention; and

FIG. 13 depicts a cross-sectional view of the structure
after removing the sacrificial gates to expose surfaces of the
substrate during an intermediate operation of a method of
fabricating a semiconductor device according to one or more
embodiments of the present invention.

DETAILED DESCRIPTION

Various embodiments of the present invention are
described herein with reference to the related drawings.
Alternative embodiments can be devised without departing
from the scope of this invention. It is noted that various
connections and positional relationships (e.g., over, below,
adjacent, etc.) are set forth between elements in the follow-
ing description and in the drawings. These connections
and/or positional relationships, unless specified otherwise,
can be direct or indirect, and the present invention is not
intended to be limiting in this respect. Accordingly, a cou-
pling of entities can refer to either a direct or an indirect
coupling, and a positional relationship between entities can
be a direct or indirect positional relationship. As an example
of an indirect positional relationship, references in the
present description to forming layer “A” over layer “B”
include situations in which one or more intermediate layers
(e.g., layer “C”) is between layer “A” and layer “B” as long
as the relevant characteristics and functionalities of layer
“A” and layer “B” are not substantially changed by the
intermediate layer(s).

The following definitions and abbreviations are to be used
for the interpretation of the claims and the specification. As
used herein, the terms “comprises,” “comprising,”
“includes,” “including,” “has,” “having,” “contains” or
“containing,” or any other variation thereof, are intended to
cover a non-exclusive inclusion. For example, a composi-
tion, a mixture, process, method, article, or apparatus that
comprises a list of elements is not necessarily limited to only
those elements but can include other elements not expressly
listed or inherent to such composition, mixture, process,
method, article, or apparatus.

Additionally, the term “exemplary” is used herein to mean
“serving as an example, instance or illustration.” Any
embodiment or design described herein as “exemplary” is
not necessarily to be construed as preferred or advantageous
over other embodiments or designs. The terms “at least one”
and “one or more” are understood to include any integer
number greater than or equal to one, i.e. one, two, three,
four, etc. The terms “a plurality” are understood to include
any integer number greater than or equal to two, i.e. two,
three, four, five, etc. The term “connection” can include an
indirect “connection” and a direct “connection.”

References in the specification to “one embodiment,” “an
embodiment,” “an example embodiment,” etc., indicate that
the embodiment described can include a particular feature,
structure, or characteristic, but every embodiment may or
may not include the particular feature, structure, or charac-
teristic. Moreover, such phrases are not necessarily referring
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to the same embodiment. Further, when a particular feature,
structure, or characteristic is described in connection with an
embodiment, it is submitted that it is within the knowledge
of one skilled in the art to affect such feature, structure, or
characteristic in connection with other embodiments
whether or not explicitly described.

For purposes of the description hereinafter, the terms
“upper,” “lower,” “right,” “left,” “vertical,” “horizontal,”
“top,” “bottom,” and derivatives thereof shall relate to the
described structures and methods, as oriented in the drawing
figures. The terms “overlying,” “atop,” “on top,” “positioned
on” or “positioned atop” mean that a first element, such as
a first structure, is present on a second element, such as a
second structure, wherein intervening elements such as an
interface structure can be present between the first element
and the second element. The term “direct contact” means
that a first element, such as a first structure, and a second
element, such as a second structure, are connected without
any intermediary conducting, insulating or semiconductor
layers at the interface of the two elements. The term “selec-
tive to,” such as, for example, “a first element selective to a
second element,” means that a first element can be etched
and the second element can act as an etch stop. The term
“conformal” means that the thickness of, e.g., a conformal
liner, is substantially the same on all surfaces, or that the
thickness variation is less than 15% of the nominal thick-
ness.

As used herein, the terms “about,” “substantially,”
“approximately,” and variations thereof are intended to
include the degree of error associated with measurement of
the particular quantity based upon the equipment available at
the time of filing the application. For example, “about” can
include a range of +8% or 5%, or 2% of a given value.

For the sake of brevity, conventional techniques related to
semiconductor device and integrated circuit (IC) fabrication
may or may not be described in detail herein. Moreover, the
various tasks and process steps described herein can be
incorporated into a more comprehensive procedure or pro-
cess having additional steps or functionality not described in
detail herein. In particular, various steps in the manufacture
of semiconductor devices and semiconductor-based ICs are
well known and so, in the interest of brevity, many conven-
tional steps will only be mentioned briefly herein or will be
omitted entirely without providing the well-known process
details.

By way of background, however, a more general descrip-
tion of the semiconductor device fabrication processes that
can be utilized in implementing one or more embodiments
of the present invention will now be provided. Although
specific fabrication operations used in implementing one or
more embodiments of the present invention can be individu-
ally known, the described combination of operations and/or
resulting structures of the present invention are unique.
Thus, the unique combination of the operations described
according to the present invention utilize a variety of indi-
vidually known physical and chemical processes performed
on a semiconductor (e.g., silicon) substrate, some of which
are described in the immediately following paragraphs.

In general, the various processes used to form a micro-
chip that will be packaged into an IC fall into four general
categories, namely, film deposition, removal/etching, semi-
conductor doping and patterning/lithography. Deposition is
any process that grows, coats, or otherwise transfers a
material onto the wafer. Available technologies include
physical vapor deposition (PVD), chemical vapor deposition
(CVD), plasma-enhanced chemical vapor deposition
(PECVD), electrochemical deposition (ECD), molecular
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beam epitaxy (MBE), and more recently, atomic layer
deposition (ALD) and plasma-enhanced atomic layer depo-
sition (PEALD), among others.

Removal/etching is any process that removes material
from the wafer. Examples include etch processes (either wet
or dry), and chemical-mechanical planarization (CMP), and
the like. Reactive ion etching (RIE), for example, is a type
of dry etching that uses chemically reactive plasma to
remove a material, such as a masked pattern of semicon-
ductor material, by exposing the material to a bombardment
of ions that dislodge portions of the material from the
exposed surface. The plasma is generated under low pres-
sure (vacuum) by an electromagnetic field.

Semiconductor doping is the modification of electrical
properties by doping, for example, transistor sources and
drains, generally by diffusion and/or by ion implantation.
These doping processes are followed by furnace annealing
or by rapid thermal annealing (RTA). Annealing serves to
activate the implanted dopants. Films of both conductors
(e.g., poly-silicon, aluminum, copper, etc.) and insulators
(e.g., various forms of silicon dioxide, silicon nitride, etc.)
are used to connect and isolate transistors and their compo-
nents. Selective doping of various regions of the semicon-
ductor substrate allows the conductivity of the substrate to
be changed with the application of voltage. By creating
structures of these various components, millions of transis-
tors can be built and wired together to form the complex
circuitry of a modern microelectronic device.

Semiconductor lithography is the formation of three-
dimensional relief images or patterns on the semiconductor
substrate for subsequent transfer of the pattern to the sub-
strate. In semiconductor lithography, the patterns are formed
by a light sensitive polymer called a photo-resist. To build
the complex structures that make up a transistor and the
many wires that connect the millions of transistors of a
circuit, lithography and etch pattern transfer steps are
repeated multiple times. Each pattern being printed on the
wafer is aligned to the previously formed patterns and
slowly the conductors, insulators and selectively doped
regions are built up to form the final device.

Turning now to a description of technologies that are
more specifically relevant to the present invention, as pre-
viously noted herein, non-planar device architectures such
as vertical fin FET devices result in increased device density
over lateral devices. There are challenges, however, in
providing non-planar architectures for scaling beyond the 10
nm node. For example, as gate pitch continues to shrink it
becomes increasingly difficult to form uniform spacers (also
known as gate spacers). Spacers formed using thick film
depositions at a tight gate pitch (i.e., a gate pitch of less than
about 100 nm) are susceptible to pinch off while spacers
formed using thin film depositions at a tight gate pitch are
susceptible to spacer breakdown. Thus, conventional spacer
fabrication processes face a trade off between pinch off and
spacer breakdown. Another related challenge in conven-
tional spacer fabrication processes is the inadvertent pro-
duction of spacer divots during spacer hard mask etching
steps. These spacer divots greatly affect gate height unifor-
mity, even when adding additional divot filling steps to the
fabrication process. Thus, a method is desired for forming a
semiconductor device having both spacer and gate height
uniformity that is not susceptible to spacer divots.

Turning now to an overview of the aspects of the present
invention, one or more embodiments provide methods of
fabricating a semiconductor device having self-aligned
spacer protection layers. The self-aligned spacer protection
layers serve two purposes: first, the self-aligned spacer
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protection layers are used to form self-aligned uniform
spacers; and second, the self-aligned spacer protection lay-
ers prevent the formation of spacer divots during spacer hard
mask etching steps. Consequently, spacer and gate height
uniformity can be achieved even for a tight gate pitch.
Moreover, divot filling steps can be removed from the
overall processing scheme.

Example methods for fabricating a semiconductor device
having self-aligned spacer protection layers and the resulting
structures therefrom in accordance with embodiments of the
present invention are described in detail below by referring
to the accompanying drawings in FIGS. 1-13.

FIG. 1 illustrates a cross-sectional view of a structure 100
having sacrificial gates 102, 104, and 106 formed on a
substrate 108 during an intermediate operation of a method
of fabricating a semiconductor device according to one or
more embodiments. For ease of discussion reference is made
to operations performed on and to a substrate having three
adjacent sacrificial gates. It is understood, however, that the
substrate 108 can include any number of sacrificial gates. In
some embodiments, the gate pitch, or centerline to centerline
spacing, between each pair of adjacent sacrificial gates (e.g.,
between sacrificial gates 102 and 104) can be less than about
150 nm. In other embodiments, the gate pitch is less than
about 100 nm, or less than about 40 nm. In some embodi-
ments, the gate pitch between each pair of adjacent sacrifi-
cial gates is substantially equal.

The sacrificial gates 102, 104, and 106 can be formed on
the substrate 108 using known semiconductor fabrication
techniques. For example, in some embodiments, a hard
mask is formed over a sacrificial layer and lithographically
patterned using a photoresist (not depicted) to form the hard
masks 110, 112, and 114. Exposed portions of the sacrificial
layer can then be then removed to form the sacrificial gates
102, 104, and 106. Portions of the patterned hard mask can
be removed using an etch process, which can be a wet etch
process, a dry etch process, or a combination thereof. The
sacrificial gates 102, 104, and 106 can be of any suitable
material, such as, for example, poly silicon. In some
embodiments, each of the sacrificial gates 102, 104, and 106
is formed over a channel region of a semiconductor fin (not
depicted).

Hard masks 110, 112, and 114 are formed on a top surface
of the sacrificial gates 102, 104, and 106, respectively. The
hard masks 110, 112, and 114 can be any suitable material,
such as, for example, a nitride or a silicon nitride. In some
embodiments, the hard masks 102, 104, and 106 are silicon
dioxide hard masks.

The substrate 108 can be any suitable substrate material,
such as, for example, monocrystalline Si, SiGe, SiC, I1I-V
compound semiconductor, 1I-VI compound semiconductor,
or semiconductor-on-insulator (SOI). In some embodiments,
the substrate 108 includes a buried oxide layer (BOX).

FIG. 2 illustrates a cross-sectional view of the structure
100 after forming a first dielectric layer 200 on the substrate
108 during an intermediate operation of a method of fabri-
cating a semiconductor device according to one or more
embodiments. The first dielectric layer 200 can be any
suitable material, such as, for example, a low-k dielectric, a
silicon nitride, silicon dioxide, a silicon oxynitride (SiON),
a silicon carbide (SiC), a silicon oxygen carbonitride
(SiIOCN), a silicoboron carbonitride (SiBCN), or other
dielectric materials. Any known manner of forming the first
dielectric layer 200 can be utilized. The first dielectric layer
200 can be formed using, for example, CVD, PECVD, ALD,
flowable CVD, spin-on dielectrics, or PVD. In some
embodiments, the first dielectric layer 200 is formed by a
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flowable silicon nitride deposition. In some embodiments,
the first dielectric layer 200 is planarized to a top surface of
the hard masks 110, 112, and 114, using, for example, a CMP
operation. In some embodiments, the first dielectric layer
200 is planarized using a wet or dry etch process. In some
embodiments, the first dielectric layer 200 is planarized
using RIE.

FIG. 3 illustrates a cross-sectional view of the structure
100 after recessing the first dielectric layer 200 during an
intermediate operation of a method of fabricating a semi-
conductor device according to one or more embodiments. In
some embodiments, the first dielectric layer 200 is recessed
to the top surfaces of the sacrificial gates 102, 104, and 106.
In some embodiments, the first dielectric layer 200 is
recessed to a height slightly below the top surfaces of the
sacrificial gates 102, 104, and 106. In some embodiments,
the first dielectric layer 200 is recessed to a height of about
1 nm to about 3 nm below the top surfaces of the sacrificial
gates 102, 104, and 106. In this manner, the extra height of
the top surfaces of the sacrificial gates 102, 104, and 106
serves as an additional dielectric buffer for downstream
removal operations. Any known manner of recessing the
first dielectric layer 200 can be utilized, such as, for
example, a wet or dry etch. In some embodiments, the first
dielectric layer 200 is etched selective to the hard masks 110,
112, and 114.

FIG. 4 illustrates a cross-sectional view of the structure
100 after forming a protection layer 400 over the first
dielectric layer 200 and the hard masks 110, 112, and 114
during an intermediate operation of a method of fabricating
a semiconductor device according to one or more embodi-
ments. The protection layer 400 can be of any suitable
material, such as, for example, a silicon nitride, silicon
dioxide, SiON, SiC, SiOCN, or SiBCN. In some embodi-
ments, the protection layer 400 is silicon dioxide. The
protection layer 400 can be formed using any known pro-
cess, such as, for example, CVD, PECVD, ALD, PVD,
chemical solution deposition, or other like processes in
combination with a wet or dry etch process. In some
embodiments, the protection layer 400 is conformally
formed over the first dielectric layer 200 and the hard masks
110, 112, and 114. In some embodiments, the protection
layer 400 is conformally formed using ALD followed by
directional RIE.

FIG. 5 illustrates a cross-sectional view of the structure
100 after removing portions of the protection layer 400 to
expose surfaces 500 and 502 of the first dielectric layer 200
between each pair of adjacent sacrificial gates (e.g., surface
500 between sacrificial gates 102 and 104, and surface 502
between sacrificial gates 104 and 106) during an interme-
diate operation of a method of fabricating a semiconductor
device according to one or more embodiments. The regions
of the first dielectric layer 200 beneath the surfaces 500 and
502 are exposed regions. The remaining portions 504, 506,
508, 510, 512, and 514 of the protection layer 400 define
self-aligned protection layers (and are referred to hereinafter
as “self-aligned protection layers” 504, 506, 508, 510, 512,
and 514). For ease of discussion only surfaces 500 and 502
and self-aligned protection layers 504, 506, 508, 510, 512,
and 514 are depicted. It is understood, however, that an
exposed surface and self-aligned protection layers can be
formed between each of the pairs of adjacent sacrificial
gates. In some embodiments, a thickness of the self-aligned
protection layers 504, 506, 508, 510, 512, and 514 is about
3 nm to about 8 nm.

FIG. 6 illustrates a cross-sectional view of the structure
100 after removing portions of the first dielectric layer 200
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to expose surfaces 600 and 602 of the substrate 108 during
an intermediate operation of a method of fabricating a
semiconductor device according to one or more embodi-
ments. The surface 600 of the substrate 108 is between the
sacrificial gates 102 and 104. The surface 602 of the
substrate 108 is between the sacrificial gates 104 and 106.
Spacers 604, 606, 608, 610, 612, and 614 (i.e., the remaining
portions of the first dielectric layer 200) are each formed on
a sidewall of a sacrificial gate (e.g., spacer 608 is formed on
a sidewall of the sacrificial gate 104). Any known manner of
removing portions of the first dielectric layer 200 can be
utilized, such as, for example, a wet or dry etch. In some
embodiments, the first dielectric layer 200 is etched selec-
tive to the self-aligned protection layers 504, 506, 508, 510,
512, and 514 and the hard masks 110, 112, and 114. In some
embodiments, portions of the first dielectric layer 200 are
removed using RIE selective to the self-aligned protection
layers 504, 506, 508, 510, 512, and 514. In some embodi-
ments, a thickness of each of the spacers 604, 606, 608, 610,
612, and 614 is substantially equal. In some embodiments,
the thickness of each of the spacers 604, 606, 608, 610, 612,
and 614 is about 10 nm to about 100 nm. In some embodi-
ments, the thickness of each of the spacers 604, 606, 608,
610, 612, and 614 is about 10 nm to about 30 nm.

FIG. 7 illustrates a cross-sectional view of the structure
100 after forming doped regions 700 and 702 on the sub-
strate 108 during an intermediate operation of a method of
fabricating a semiconductor device according to one or more
embodiments. Doped region 700 is formed between the
sacrificial gates 102 and 104 and doped region 702 is formed
between the sacrificial gates 104 and 106. In some embodi-
ments, doped regions 700 and 702 are raised above a surface
of the substrate 108. For ease of discussion only doped
regions 700 and 702 are provided with reference numbers.
It is understood, however, that a doped region can be formed
between each of the pairs of adjacent sacrificial gates.

The doped regions 700 and 702 can be source or drain
regions formed on the substrate 108 by a variety of methods,
such as, for example, diffusion, ion implantation of a dopant
into the substrate, or in-situ doped epitaxy. In some embodi-
ments, epitaxial growth, CVD, ECD, MBE, or ALD is
employed to form the doped regions 700 and 702. In some
embodiments, the doped regions 700 and 702 are epitaxially
formed using ultrahigh vacuum chemical vapor deposition
(UHVCVD), rapid thermal chemical vapor deposition
(RTCVD), metalorganic chemical vapor deposition
(MOCVD), low-pressure chemical vapor deposition (LP-
CVD), or limited reaction processing CVD (LRPCVD).
Epitaxial materials can be grown from gaseous or liquid
precursors. Epitaxial materials can be grown using vapor-
phase epitaxy (VPE), MBE, liquid-phase epitaxy (LPE), or
other suitable process. The doped regions 700 and 702 can
be doped during deposition (e.g., in-situ doped) by adding
dopants, n-type dopants (e.g., phosphorus or arsenic) or
p-type dopants (e.g., boron or gallium), depending on the
type of transistor. The dopant concentration in the source/
drain can range from 1x10%° cm-3 to 2x10*' cm™, or
between 2x10%° cm™ and 1x10%! cm™.

In some embodiments, a liner 704 is conformally formed
over the doped regions 700 and 702, the spacers 604, 606,
608, 610, 612, and 614, and the hard masks 110, 112, and
114. Any known manner of forming the liner 704 can be
utilized, such as, for example, conformal ALD. In some
embodiments, the liner 704 is a silicon nitride liner. In some
embodiments, the liner 704 is conformally formed to a
thickness of about 2 nm to about 3 nm.
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FIG. 8 illustrates a cross-sectional view of the structure
100 after forming a second dielectric layer 800 over the
doped regions 700 and 702 during an intermediate operation
of'a method of fabricating a semiconductor device according
to one or more embodiments. The second dielectric layer
800 can be any suitable material, such as, for example, a
low-k dielectric, a silicon nitride, silicon dioxide, SiON,
SiC, SiOCN, SiBCN, or other dielectric materials. Any
known manner of forming the second dielectric layer 800
can be utilized. The second dielectric layer 800 can be
formed using, for example, CVD, PECVD, ALD, flowable
CVD, spin-on dielectrics, or PVD. In some embodiments,
the second dielectric layer 800 is formed by a flowable oxide
deposition. In some embodiments, the second dielectric
layer 800 is overfilled above a top surface of each of the hard
masks 110, 112, and 114 and then planarized to the top
surface of the hard masks 110, 112, and 114, using, for
example, a CMP operation. In some embodiments, the CMP
operation is selective to the hard masks 110, 112, and 114.
In some embodiments, the second dielectric layer 800 is
planarized using a wet or dry etch process. In some embodi-
ments, the second dielectric layer 800 is planarized using
RIE.

FIG. 9 illustrates a cross-sectional view of the structure
100 after recessing the second dielectric layer 800 to expose
portions of the spacers 604, 606, 608, 610, 612, and 614
during an intermediate operation of a method of fabricating
a semiconductor device according to one or more embodi-
ments. Any known manner of recessing the second dielectric
layer 800 can be utilized, such as, for example, a wet or dry
etch.

FIG. 10 illustrates a cross-sectional view of the structure
100 after forming a third dielectric layer 1000 on the second
dielectric layer 800 and planarizing the third dielectric layer
1000 to a surface of the hard masks 110, 112, and 114 during
an intermediate operation of a method of fabricating a
semiconductor device according to one or more embodi-
ments. The third dielectric layer 1000 can be formed using
any known process, such as, for example, PECVD. In some
embodiments, the third dielectric layer 1000 is formed using
high density plasma (HDP). The third dielectric layer 1000
can be of any suitable material, such as, for example, silicon
dioxide. In some embodiments, the second dielectric layer
800 is a flowable oxide and the third dielectric layer 1000
serves as a hard dielectric layer for downstream processing.

FIG. 11 illustrates a cross-sectional view of the structure
100 after removing the hard masks 110, 112, and 114 during
an intermediate operation of a method of fabricating a
semiconductor device according to one or more embodi-
ments. Any known manner of removing the hard masks 110,
112, and 114 can be utilized, such as, for example, a wet or
dry etch. In some embodiments, the hard masks 110, 112,
and 114 are removed using RIE selective to the third
dielectric layer 1000 and the self-aligned protection layers
504, 506, 508, 510, 512, and 514. In this manner, the spacers
604, 606, 608, 610, 612, and 614 are protected while the
hard masks 110, 112, and 114 are removed. Consequently,
no spacer divots are formed.

FIG. 12 illustrates a cross-sectional view of the structure
100 after removing the self-aligned protection layers 504,
506, 508, 510, 512, and 514 and portions of the third
dielectric layer 1000 to expose top surfaces of the spacers
604, 606, 608, 610, 612, and 614 during an intermediate
operation of a method of fabricating a semiconductor device
according to one or more embodiments. Any known manner
of removing the self-aligned protection layers 504, 506, 508,
510, 512, and 514 can be utilized, such as, for example, a
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wet or dry etch. In some embodiments, CMP is used to both
remove the self-aligned protection layers 504, 506, 508, 510,
512, and 514 and to planarize the third dielectric layer 1000
to a top surface of the sacrificial gates 102, 104, and 106. In
some embodiments, the spacers 604, 606, 608, 610, 612, and
614 are also planarized to the top surface of the sacrificial
gates 102, 104, and 106.

FIG. 13 illustrates a cross-sectional view of the structure
100 after removing the sacrificial gates 102, 104, and 106 to
expose surfaces of the substrate 108 during an intermediate
operation of a method of fabricating a semiconductor device
according to one or more embodiments. Any known manner
of removing the sacrificial gates 102, 104, and 106 can be
utilized, such as, for example, a wet or dry etch. In some
embodiments, the sacrificial gates 102, 104, and 106 are
removed using RIE selective to the spacers 604, 606, 608,
610, 612, and 614. The sacrificial gates 102, 104, and 106
can be replaced with conductive gates (not depicted) using
known processes. The conductive gates can be formed over
channel regions of semiconductor fins (not depicted) using
known processes.

The descriptions of the various embodiments of the
present invention have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments described. Many modifications and
variations will be apparent to those of ordinary skill in the
art without departing from the scope and spirit of the
invention. The terminology used herein was chosen to best
explain the principles of the embodiment, the practical
application or technical improvement over technologies
found in the marketplace, or to enable others of ordinary
skill in the art to understand the embodiments described
herein.

What is claimed is:

1. A method for forming a semiconductor device, the
method comprising:

forming a first sacrificial gate adjacent to a second sac-

rificial gate on a substrate;

forming a dielectric layer on the substrate and above the

top surfaces of the first and second sacrificial gates, the
dielectric layer comprising a first portion and a second
portion;

forming a self-aligned protection region to cover the first

portion of the dielectric layer; and

removing the second portion of the dielectric layer to

expose a surface of the substrate;

wherein the first portion of the dielectric layer defines a

spacer after the second portion of the dielectric layer is
removed.

2. The method of claim 1 further comprising:

forming a first hard mask on a top surface of the first

sacrificial gate and a second hard mask on a top surface
of the second sacrificial gate; and

removing the first and second hard mask;

wherein the self-aligned protection region protects the

spacer while the first and second hard masks are
removed.

3. The method of claim 2, wherein forming the self-
aligned protection region on the dielectric layer further
comprises:

forming a protection layer over the dielectric layer and the

first and second hard masks; and

removing portions of the protection layer to expose a

portion of the dielectric layer between the first and
second sacrificial gates, a remaining portion of the
protection layer over the dielectric layer defining the
self-aligned protection region.
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4. The method of claim 2 further comprising:
forming a doped region on the substrate and between the
first and second sacrificial gates;
forming a second dielectric layer over the doped region
and the first and second hard masks;
removing portions of the second dielectric layer to expose
a portion of the spacer;
forming a third dielectric layer on the second dielectric
layer and the spacer;
removing the self-aligned protection region and portions
of the third dielectric layer to expose a top surface of
the spacer; and
removing the first and second sacrificial gates.
5. The method of claim 1, wherein the spacer is a
self-aligned low-k dielectric spacer.
6. The method of claim 1, wherein the spacer comprises
a silicon nitride, a silicon oxynitride (SiON), a silicon
carbide (SiC), a silicon oxygen carbonitride (SIOCN), or a
silicoboron carbonitride (SiBCN).
7. The method of claim 1, wherein the self-aligned
protection region comprises silicon dioxide (SiO,).
8. A method for forming a semiconductor device, the
method comprising:
forming a plurality of adjacent sacrificial gates on a
substrate;
forming a hard mask on a top surface of each sacrificial
gate;
forming a dielectric layer on the substrate and above the
top surfaces of the sacrificial gates;
forming a protection layer over the dielectric layer and the
hard masks;
removing portions of the protection layer to expose por-
tions of the dielectric layer between each pair of
adjacent sacrificial gates, the remaining portions of the
protection layer over the dielectric layer defining self-
aligned protection regions;
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removing the exposed portions of the dielectric layer to
expose a surface of the substrate between each pair of
adjacent sacrificial gates, the remaining portions of the
dielectric layer each defining a spacer on a sidewall of
a sacrificial gate; and
removing the hard masks;
wherein the self-aligned protection regions protect the
spacers while the hard masks are removed.
9. The method of claim 8 further comprising:
forming a doped region on the substrate and between each
pair of adjacent sacrificial gates;
forming a second dielectric layer over the doped region
and the hard masks;
removing portions of the second dielectric layer to expose
a portion of the spacers;
forming a third dielectric layer on the second dielectric
layer and the spacers;
removing the self-aligned protection regions and portions
of the third dielectric layer to expose a top surface of
each spacer; and
removing the first and second sacrificial gates.
10. The method of claim 8, wherein the spacers are
self-aligned low-k dielectric spacers.
11. The method of claim 8, wherein each spacer comprises
a silicon nitride, a silicon oxynitride (SiON), a silicon
carbide (SiC), a silicon oxygen carbonitride (SIOCN), or a
silicoboron carbonitride (SiBCN).
12. The method of claim 8, wherein a thickness of the
spacers is about 10 nm to about 30 nm.
13. The method of claim 8, wherein each self-aligned
protection region comprises silicon dioxide (SiO,).
14. The method of claim 8, wherein a centerline to
centerline pitch between each pair of adjacent sacrificial
gates is less than about 40 nm.
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