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A semiconductor structure includes a first device and a
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[0001] The present application is a Continuation of U.S.
application Ser. No. 17/991,560 filed on Nov. 21, 2022,
entitled “Air Spacer For A Gate Structure Of A Transistor”,
which is a Divisional application of U.S. application Ser.
No. 16/523,453, filed Jul. 26, 20109, titled “Air Spacer For A
Gate Structure Of A Transistor”, now issued as U.S. Pat. No.
11,508,827, which claims priority to U.S. Provisional Patent
Application Ser. No. 62/736,565 filed on Sep. 26, 2018, the
disclosure of which each of is incorporated herein by
reference in their entireties. This application is also related
to U.S. patent application Ser. No. 16/218,330, filed on Dec.
12, 2018, entitled “Methods of Forming Metal Gate Spacer”,
the disclosure of which is also incorporated herein by
reference in its entirety.

BACKGROUND

[0002] The semiconductor integrated circuit (IC) industry
has experienced exponential growth. Technological
advances in IC materials and design have produced genera-
tions of ICs where each generation has smaller and more
complex circuits than the previous generation. In the course
of IC evolution, functional density (i.e., the number of
interconnected devices per chip area) has generally
increased while geometry size (i.e., the smallest component
(or line) that can be created using a fabrication process) has
decreased. This scaling down process generally provides
benefits by increasing production efficiency and lowering
associated costs. Such scaling down has also increased the
complexity of processing and manufacturing ICs.

[0003] For example, methods have been developed to
form gate spacers with a low dielectric constant. However,
while conventional methods of forming low-k dielectric gate
spacers have generally been adequate, they have not been
satisfactory in all aspects.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The present disclosure is best understood from the
following detailed description when read with the accom-
panying figures. It is emphasized that, in accordance with
the standard practice in the industry, various features are not
drawn to scale and are used for illustration purposes only. In
fact, the dimensions of the various features may be arbi-
trarily increased or reduced for clarity of discussion.
[0005] FIG. 1A is a perspective view of a FInFET device
according to various aspects of the present disclosure.
[0006] FIG. 1B is a planar top view of a FinFET device
according to various aspects of the present disclosure.
[0007] FIGS. 2-3, 4A-13A, 4B-13B, 16A-21A, 16B-21B,
23A-28A, 23B-28B, 30A-35A, and 30B-35B are cross-
sectional views of an embodiment of a FInFET device of at
various stages of fabrication according to various aspects of
the present disclosure.

[0008] FIGS. 14A-15A, 14B-15B, 22A-22B, and 29A-
29B are top views of an embodiment of a FinFET device of
at various stages of fabrication according to various aspects
of the present disclosure.

[0009] FIG. 36 is a flowchart of a method of fabricating a
semiconductor device according to various aspects of the
present disclosure.
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[0010] FIG. 37 is a flowchart of another method of fab-
ricating a semiconductor device according to various aspects
of the present disclosure.

DETAILED DESCRIPTION

[0011] The following disclosure provides many different
embodiments, or examples, for implementing different fea-
tures of the disclosure. Specific examples of components
and arrangements are described below to simplify the pres-
ent disclosure. These are, of course, merely examples and
are not intended to be limiting. For example, the formation
of a first feature over or on a second feature in the descrip-
tion that follows may include embodiments in which the first
and second features are formed in direct contact, and may
also include embodiments in which additional features may
be formed between the first and second features, such that
the first and second features may not be in direct contact. In
addition, the present disclosure may repeat reference numer-
als and/or letters in the various examples. This repetition is
for the purpose of simplicity and clarity and does not in itself
dictate a relationship between the various embodiments
and/or configurations discussed.

[0012] In addition, the present disclosure may repeat ref-
erence numerals and/or letters in the various examples. This
repetition is for the purpose of simplicity and clarity and
does not in itself dictate a relationship between the various
embodiments and/or configurations discussed. Moreover,
the formation of a feature on, connected to, and/or coupled
to another feature in the present disclosure that follows may
include embodiments in which the features are formed in
direct contact, and may also include embodiments in which
additional features may be formed interposing the features,
such that the features may not be in direct contact. In
addition, spatially relative terms, for example, “lower,”
“upper,” “horizontal,” “vertical,” “above,” “over,” “below,”
“beneath,” “up,” “down,” “top,” “bottom,” etc., as well as
derivatives thereof (e.g., “horizontally,” “downwardly,”
“upwardly,” etc.) are used for ease of the present disclosure
of one features relationship to another feature. The spatially
relative terms are intended to cover different orientations of
the device including the features. Still further, when a
number or a range of numbers is described with “about,”
“approximate,” and the like, the term is intended to encom-
pass numbers that are within a reasonable range including
the number described, such as within +/-10% of the number
described or other values as understood by person skilled in
the art. For example, the term “about 5 nm” encompasses the
dimension range from 4.5 nm to 5.5 nm.

[0013] The present disclosure is generally related to semi-
conductor devices, and more particularly to field-effect
transistors (FETs), such as planar FETs or three-dimensional
fin-line FETs (FinFETs). One aspect of the present disclo-
sure involves forming high-k metal gate spacers as a part of
semiconductor device fabrication.

[0014] During fabrication of a FinFET structure, air gaps
(referred to as air spacers) may be formed in place of gate
spacer disposed on sidewalls of gate structures (e.g., high-k
metal gate structures (HKMGs)). In some embodiments, air
spacers formed between gate structures and additional
dielectric layers in active device regions lower the capaci-
tance of the gate structures, thereby improving the overall
performance (e.g., speed) of the FinFET structure. However,
conventional methods of forming air spacers may still need
improvement. For example, it may be difficult to form air
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spacers in high aspect ratio (e.g., a ratio of height and width
of'a trench) situations. As another example, as a result of the
air spacer formation process, the gate structures formed over
an isolation region may collapse more easily than the gate
structures formed over an active region, which is undesir-
able.

[0015] The present disclosure improves conventional air
spacer formation processes at least in part by forming a
highly etchable liner next to gate spacers in a first region but
not a second region, or by selectively doping dielectric gate
spacers in one region but not the other region, as discussed
in more detail below.

[0016] FIGS. 1A and 1B illustrate a three-dimensional
perspective view and a top view, respectively, of a portion of
a semiconductor structure 90. The semiconductor structure
90 may be an intermediate device fabricated during process-
ing of an IC, or a portion thereof, that may comprise static
random-access memory (SRAM) and/or other logic circuits,
passive components such as resistors, capacitors, and induc-
tors, and active components such as p-type FETs (PFETs),
n-type FETs (NFETs), FinFETs, metal-oxide semiconductor
field effect transistors (MOSFET), complementary metal-
oxide semiconductor (CMOS) transistors, bipolar transis-
tors, high voltage transistors, high frequency transistors,
and/or other memory cells. The present disclosure is not
limited to any particular number of devices or device
regions, or to any particular device configurations, unless
otherwise claimed. For example, though the semiconductor
structure 90 as illustrated is a three-dimensional FinFET
device, the present disclosure may also apply to planar FET
devices.

[0017] Referring to FIG. 1A, the semiconductor structure
90 includes a substrate 110. The substrate 110 may comprise
an elementary (single element) semiconductor, such as sili-
con, germanium, and/or other suitable materials; a com-
pound semiconductor, such as silicon carbide, gallium arse-
nic, gallium phosphide, indium phosphide, indium arsenide,
indium antimonide, and/or other suitable materials; an alloy
semiconductor such as SiGe, GaAsP, AllnAs, AlGaAs, Gal-
nAs, GalnP, GalnAsP, and/or other suitable materials. The
substrate 110 may be a single-layer material having a
uniform composition. Alternatively, the substrate 110 may
include multiple material layers having similar or different
compositions suitable for IC device manufacturing. In one
example, the substrate 110 may be a silicon-on-insulator
(SOI) substrate having a semiconductor silicon layer formed
on a silicon oxide layer. In another example, the substrate
110 may include a conductive layer, a semiconductor layer,
a dielectric layer, other layers, or combinations thereof.
Various doped regions, such as source/drain regions, may be
formed in or on the substrate 110. The doped regions may be
doped with n-type dopants, such as phosphorus or arsenic,
and/or p-type dopants, such as boron, depending on design
requirements. The doped regions may be formed directly on
the substrate 110, in a p-well structure, in an n-well struc-
ture, in a dual-well structure, or using a raised structure.
Doped regions may be formed by implantation of dopant
atoms, in-situ doped epitaxial growth, and/or other suitable
techniques.

[0018] Three-dimensional active regions 120 are formed
on the substrate 110. The active regions 120 are elongated
fin-like structures that protrude upwardly out of the substrate
110. As such, the active regions 120 may be referred to as
fins 120 or fin structures 120 hereinafter. The fin structures
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120 may be fabricated using suitable processes including
photolithography and etch processes. The photolithography
process may include forming a photoresist layer overlying
the substrate 110, exposing the photoresist to a pattern,
performing post-exposure bake processes, and developing
the photoresist to form a masking element (not shown)
including the resist. The masking element is then used for
etching recesses into the substrate 110, leaving the fin
structures 120 on the substrate 110. The etching process may
include dry etching, wet etching, reactive ion etching (RIE),
and/or other suitable processes. In some embodiments, the
fin structure 120 may be formed by double-patterning or
multi-patterning processes. Generally, double-patterning or
multi-patterning processes combine photolithography and
self-aligned processes, allowing patterns to be created that
have, for example, pitches smaller than what is otherwise
obtainable using a single, direct photolithography process.
As an example, a sacrificial layer may be formed over a
substrate and patterned using a photolithography process.
Spacers are formed alongside the patterned sacrificial layer
using a self-aligned process. The sacrificial layer is then
removed, and the remaining spacers, or mandrels, may then
be used to pattern the fin structures 120.

[0019] The semiconductor structure 90 also includes
source/drain (S/D) features 122 formed over the fins 120.
The source/drain features 122 may include epi-layers that
are epitaxially grown on the fin structures 120.

[0020] The semiconductor structure 90 further includes
isolation structures 130 formed over the substrate 110. The
isolation structures 130 electrically separate various com-
ponents of the semiconductor structure 90. The isolation
structures 130 may include silicon oxide, silicon nitride,
silicon oxynitride, fluoride-doped silicate glass (FSG), a
low-k dielectric material, and/or other suitable materials. In
some embodiments, the isolation structures 130 may include
shallow trench isolation (STI) features. In one embodiment,
the isolation structures 130 are formed by etching trenches
in the substrate 110 during the formation of the fin structures
120. The trenches may then be filled with an isolating
material described above, followed by a chemical mechani-
cal planarization (CMP) process. Other isolation structure
such as field oxide, local oxidation of silicon (LOCOS),
and/or other suitable structures may also be implemented as
the isolation structures 130. Alternatively, the isolation
structures 130 may include a multi-layer structure, for
example, having one or more thermal oxide liner layers.
[0021] The semiconductor structure 90 also includes gate
structures 140 formed over and engaging the fins 120 on
three sides in a channel region of each fin 120. The gate
structures 140 may be dummy gate structures (e.g., contain-
ing an oxide gate dielectric and a polysilicon gate electrode),
or they may be HKMG structures that contain a high-k gate
dielectric and a metal gate electrode, where the HKMG
structures are formed by replacing the dummy gate struc-
tures. Though not depicted herein, the gate structure 140
may include additional material layers, such as an interfacial
layer over the fins 120, a capping layer, other suitable layers,
or combinations thereof.

[0022] Referring to FIG. 1B, the gate structures 140 are
oriented lengthwise along the Y direction and separated
from each other along a direction of the fin length, i.e., the
X direction. Specifically, some gate structures 140 are
disposed in a device region 100A, where the gate structures
140 engage the fins 120 in a channel region of each fin 120.
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Other gate structures 140 are disposed in a device region
100B disposed adjacent to the device region 100A, where
the device region 100B includes the isolation structure 130.
In many embodiments, the device region 100A provides
multiple FinFET devices following formation of metal gate
structures.

[0023] As depicted herein, the semiconductor structure 90
may include multiple fins 120 oriented lengthwise along the
X direction and multiple gate structure 140 oriented length-
wise along the Y direction, i.e., generally perpendicular to
the fins 120. In many embodiments, as will be discussed in
detail below, the semiconductor structure 90 includes addi-
tional features such as gate spacers disposed along sidewalls
of the gate structures 140, hard mask layer(s) disposed over
the gate structures 140, and numerous other features. For
purpose of simplicity, the processing steps of the present
disclosure are described with reference to cross-sectional
views corresponding to FIGS. 2-3, 4A-13A, 4B-13B, 16A-
21A, 16B-21B, 23A-28A, 23B-28B, and 30A-30B, where
the cross-section of the semiconductor structure 90 is taken
along the dashed line AA' as illustrated in FIGS. 1A-1B.
[0024] Referring now to FIG. 2, the gate structure 140
may include a dummy gate electrode 200. The dummy gate
electrode 200 may include a polysilicon material, which will
be removed in a gate replacement process discussed in
greater detail below. The gate structure 140 may also include
a gate dielectric disposed below the gate electrode 200,
which may include a dummy gate dielectric (e.g., a silicon
oxide gate dielectric) in some embodiments, or a high-k gate
dielectric in other embodiments. The gate dielectric is not
specifically illustrated herein for reasons of simplicity.
[0025] The gate structure 140 includes hard mask layers
210 and 220 disposed above the dummy gate electrode 200.
In some embodiments, the hard mask layers 210 and 220 are
configured to protect the dummy gate electrode 200 from
subsequent processing steps. The hard mask layers 210 and
220 may each include any suitable dielectric material, such
as a nitrogen-containing dielectric material, an oxygen-
containing dielectric material, other suitable materials, or
combinations thereof. As a non-limiting example, the hard
mask layer 210 includes a nitrogen-containing dielectric
material, such as silicon nitride or a metal nitride, and the
hard mask layer 220 includes an oxygen-containing dielec-
tric material, such as silicon oxide or a metal oxide.

[0026] The hard mask layers 210 and 220 and other
various material layers included in the gate structure 140
may be formed by any suitable method, such as chemical
oxidation, thermal oxidation, atomic layer deposition
(ALD), chemical vapor deposition (CVD), physical vapor
deposition (PVD), low-pressure chemical vapor deposition
(LP-CVD), plasma-enhanced CVD (PE-CVD), high-density
plasma CVD (HDP-CVD), metal organic CVD (MO-CVD),
remote plasma CVD (RP-CVD), plasma enhanced CVD
(PE-CVD), low-pressure CVD (LP-CVD), atomic layer
CVD (AL-CVD), atmospheric pressure CVD (AP-CVD),
other suitable methods, or combinations thereof. In one
embodiment, the various layers of the gate structure 140 are
first deposited as blanket layers. The blanket layers are then
patterned through a series of lithography and etching pro-
cesses, thereby removing portions of the blanket layers and
keeping the remaining portions over the isolation structures
130 and the fins 120 as the gate structure 140.

[0027] A spacer layer 230 is formed along sidewalls of the
gate structures 140, and a spacer layer 240 disposed over the
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spacer layer 230. The spacer layers 230 and 240 each include
a material different from the material(s) included in the gate
structure 140. In some embodiments, the spacer layers 230
and 240 may silicon, oxygen, nitrogen, and/or carbon. The
spacer layers 230 and 240 may also differ from each other
in material composition. For example, the spacer layer 230
may include a greater amount of carbon than the spacer layer
240. In one non-limiting example, the spacer layer 230 may
include silicon carbon nitride (SiCN) and has a thickness in
a range between about 2 nanometer (nm) and about 5 nm,
and the spacer layer 240 may include silicon carbon oxyni-
tride (SiCON) and has a thickness in a range between about
2 nanometer (nm) and about 5 nm. These material compo-
sitions are configured to optimize etching selectivity in later
etching processes, and the thickness ranges are configured to
tune the dimensions of the gate spacers to be formed later.
However, other materials (or other thicknesses) may be used
to implement the spacer layers 230 and 240 in other embodi-
ments.

[0028] The spacer layers 230 and 240 may each be formed
by first depositing a blanket of spacer material over the
semiconductor structure 90 by a method such as CVD, PVD,
ALD, other suitable methods, or combinations thereof, and
then performing an anisotropic etching process to remove
portions of the spacer material to form the spacer layers 230
and 240. In some embodiments, additional spacer layer(s)
may be included between the gate structures 140 and the
spacer layers 230-240.

[0029] A dummy layer 250 is formed over the spacer layer
240. The dummy layer 250 has a different material compo-
sition than the spacer layer 240. As a non-limiting example,
the dummy layer 250 includes silicon nitride (SiN). The
dummy layer 250 may be used as a mask in subsequent N
region and P region epi-layer growth processes.

[0030] Referring now to FIG. 3, the spacer layers 230 and
240 and the dummy layer 250 are patterned into gate spacers
230 and 240 that are disposed on sidewalls of the gate
structure 140. The S/D features 122 may then be formed by
any suitable techniques, such as etching processes followed
by one or more epitaxy processes. In one example, one or
more etching processes are performed (with the patterned
dummy layer 250 serving as a mask) to remove portions of
the fin structures 120 to form recesses (not shown) therein.
A cleaning process may be performed to clean the recesses
with a hydrofluoric acid (HF) solution or other suitable
solution. Subsequently, one or more epitaxial growth pro-
cesses are performed to grow epitaxial features in the
recesses. Bach of the S/D features 122 may be suitable for
a p-type FinFET (e.g., a p-type epitaxial material), or
alternatively, an n-type FinFET (e.g., an n-type epitaxial
material). The p-type epitaxial material may include one or
more epitaxial layers of silicon germanium (epi SiGe),
where the silicon germanium is doped with a p-type dopant
such as boron, germanium, indium, and/or other p-type
dopants. The n-type epitaxial material may include one or
more epitaxial layers of silicon (epi Si) or silicon carbon (epi
SiC), where the silicon or silicon carbon is doped with an
n-type dopant such as arsenic, phosphorus, and/or other
n-type dopants.

[0031] FIGS. 4A and 4B illustrate the cross-sectional
views for the device region 100A and the device region
100B, respectively. The device regions 100A and 100B
correspond to different types of devices. For example, in
some embodiments, the device region 100A includes a
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functional device (e.g., a functional transistor), while the
device region 100B includes a dummy device (e.g., a
dummy transistor). In some embodiments, the dummy
device does not conduct electricity or is not a part of an
electrical circuit, but it is a component configured to turn an
overall pattern density of the semiconductor structure 90. In
some other embodiments, one of the device regions 100A
and 100B includes a memory device (e.g., an SRAM
device), while the other one of the device regions 100A and
100B includes a logic device (e.g., a ring oscillator device).
[0032] As shown in FIGS. 4A-4B, the portion of the
semiconductor structure in both the device regions 100A and
100B includes the gate structure 140 (including the gate
electrode 200 and the hard mask layers 210-220), the gate
spacers 230-240, and the dummy layer 250. However, the
device region 100A includes the S/D features 122 and the
active region 120 over which the gate structure 140 is
disposed, while the device region 100B includes the isola-
tion structure 130 (e.g., an STT) over which the gate structure
140 is disposed. Note that the dummy layer 250 has been
removed in both the device regions 100A and 100B at this
stage of fabrication.

[0033] Referring to FIGS. 5A and 5B, a liner 270 is
formed over the gate structure 140 in both the device regions
100A and 100B. The liner 270 is configured to have a
material composition that is different from the gate spacers
230 and 240, such that an etching selectivity exists between
the liner 270 and the gate spacers 230 and 240 in an etching
process performed later. Due to the etching selectivity, the
liner 270 may be removed without removing the gate
spacers 230-240. The removal of the liner 270 will form a
part of an air spacer, as discussed in more detail below.
[0034] Insome embodiments, the liner 270 contains SiO,.
In some embodiments, the liner 270 has a thickness 280
between about 0.3 nm and about 5 nm. The material com-
positions of the liner 270 is selected to allow it to have a
sufficient etching selectivity with the gate spacers 230 and
240, while the thickness range of the liner 270 is configured
to control a size of the air spacer to be formed later (since
the removal of the liner 270 facilitates the formation of the
air spacer). In other words, the thickness of the liner 270
may be positively correlated with a lateral dimension of the
air spacer to be formed later.

[0035] Referring now to FIGS. 6A and 6B, a patterned
photoresist mask 300 is formed in the device region 100A,
but not in the device region 100B. In some embodiments,
forming the patterned photoresist mask 300 may include
forming a bottom layer, such as a bottom anti-reflective
coating (BARC), over the semiconductor structure 90, and
subsequently forming a resist layer over the bottom layer.
The resist layer may be patterned using any suitable method
to form the patterned photoresist mask 300 that exposes the
device region 100B. After the patterning process, the bottom
layer may then be removed from the device region 100B by
any suitable method, such as a wet cleaning process utilizing
any suitable solvent (e.g., high-temperature sulfuric perox-
ide mix (HTSPM), dilute hydrofluoric acid (DHF), other
suitable solvents, or combinations thereof).

[0036] An etching process 310 is then performed. The
patterned photoresist mask 300 serves as an etching mask
during the etching process 310 and protects the various
layers disposed therebelow from being etched. The etching
process 310 is also configured to have an etching selectivity
between the liner 270 and the gate spacers 240 and the
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isolation structure 130. As a result, the liner 270 disposed in
the device region 100B is substantially removed without
damaging the gate spacers 240 or the isolation structure 130
located in the device region 100B.

[0037] Referring now to FIGS. 7A and 7B, the patterned
photoresist mask 300 is removed, for example using a
photoresist ashing or photoresist stripping process. There-
after, an etching process 330 is performed. The etching
process 330 includes a dry etching process or a wet etching
process and is configured to partially remove the liner 270
in the device region 100A, such that portions of the liner 270
disposed over the S/D features 122 are removed, but por-
tions of the liner 270 disposed on the sidewalls of the gate
spacers 240 still remain after the performance of the etching
process 330. The etching process 330 may also reduce a
thickness of the liner 270. As such, the remaining portion of
the liner 270 may have a thickness 340 (measured in the
X-direction) that is smaller than the thickness 280 of the
liner 270 before the etching process 330 is performed. In
some embodiments, the thickness 340 is in a range between
about 0.3 nm and about 3 nm. This thickness range partially
accounts for the lateral dimension of the air spacers that are
to be formed (e.g., by the removal of the liner 270). In other
words, controlling the thickness 340 will partially adjust the
lateral dimension of the air spacers as well. Note that the
etching process 330 may also substantially remove the
remnants of the liner 270 in the device region 100B, if any
exists before the performance of the etching process 330.

[0038] Referring now to FIGS. 8A and 8B, another spacer
layer 350 is deposited in both the device region 100A and the
device region 100B. The spacer layer 350 may be deposited
via a suitable deposition process such as CVD, PVD, ALD,
or combinations thereof. The spacer layer 350 is deposited
over the gate structure 140, the S/D features 122, and the
isolation structure 130. The spacer layer 350 is also depos-
ited on sidewalls of the liner layer 270 in the device region
100A and on sidewalls of the gate spacers 240 in the device
region 100B. The spacer layer 350 includes a dielectric
material that is different from the dielectric material of the
gate spacers 240, such that an etching selectivity exists
between them in a subsequent etching process. The spacer
layer 350 may also serve as an etching-stop layer. In some
embodiments, the spacer layer 350 has a thickness in a range
between about 2 nm and about 5 nm. The thickness range is
configured such that the spacer layer 350 can adequately
serve its role as an etching stop layer as well as a gate spacer.

[0039] Referring now to FIGS. 9A and 9B, a dielectric
layer 370 is formed over the spacer layer 350 in both the
device region 100A and the device region 100B. In some
embodiments, the dielectric layer 370 includes silicon oxide.
In some embodiments, the dielectric layer 370 is formed
using a deposition process, for example a flowable chemical
vapor deposition (FCVD) process.

[0040] Referring now to FIGS. 10A and 10B, a chemical
mechanical polishing (CMP) process 390 is performed to
planarize the upper surfaces of the various layers in the
device region 100A and in the device region 100B. The CMP
process 390 removes the hard mask layers 210 and 220 and
partially removes the gate spacers 230-240, the liner 270, the
spacer layer 350, and the dielectric layer 370. The spacer
layer 350 is now broken up into gate spacers 350. After the
performance of the CMP process 390, the gate spacers
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230-240, the liner 270, the gate spacers 350, and the
dielectric layer 370 all have substantially co-planar upper
surfaces.

[0041] Referring now to FIGS. 11A and 11B, one or more
etching processes 400 may be performed to remove the gate
electrode 200 in both the device region 100A and the device
region 100B. The etching processes 400 may be configured
to have an etching selectivity between the gate electrode 200
and the other layers, such that the gate electrode 200 is
etched away without substantially affecting the other layers.
As a result, openings 420 are formed in both the device
region 100A and the device region 100B.

[0042] Referring now to FIGS. 12A and 12B, a gate
replacement process 430 is performed to form a metal gate
electrode 440 in each of the openings 420. The metal gate
electrode 440 may include a work function metal layer and
a bulk conductive layer (also referred to as a fill metal). In
some embodiments, the work function metal layer may
include a p-type or an n-type work function material, such
as TiN, TaN, Ru, Mo, Al, WN, ZrSi,, MoSi,, TaSi,, NiSi,,
WN, Ti, Ag, TaAl, TaAlC, TiAIN, TaC, TaCN, TaSiN, Mn,
Zr, or combinations thereof. In some embodiments, the bulk
conductive layer may include Cu, W, Al, Ru, Co, or com-
binations thereof.

[0043] Although not specifically shown herein for reasons
of simplicity, a high-k dielectric layer may be formed below
the metal gate electrode 440 either before, or during, the gate
replacement process 430. The high-k dielectric layer
includes a dielectric material having a dielectric constant
greater than that of silicon oxide. In some embodiments, the
high-k dielectric layer may include hafhium oxide (HfO,),
zirconium oxide (Zr0O,), lanthanum oxide (La,Os;), titanium
oxide (Ti0,), yttrium oxide (Y,0;), strontium titanate (Sr-
TiO;), or combinations thereof. Furthermore, additional
layer such as interfacial layers, barrier layers, hard mask
layers, or combinations thereof may be formed. It is also
understood that the gate replacement process may include a
CMP process performed to remove excess materials from
the metal gate electrode 440 (or other materials), so as to
planarize a top surface of the semiconductor structure 90.
[0044] Referring now to FIGS. 13A and 13B, one or more
etching processes 450 may be performed. The etching
processes may use HF, H,O, He, and/or N, as etchants. The
liner 270 is configured to have a high etching rate in the
etching processes 450, for example an etching rate greater
than the dielectric layer 370, the gate spacers 350 and 230,
and the metal gate electrode 440. As such, the liner 270 in
the device region 100A can be removed very quickly. The
removal of the liner 270 therefore forms trenches alongside
the gate spacers 240 in the device region 100A, which
allows the gate spacers 240 to be etched not just from the top
but also from the side too. In other words, the gate spacers
240 are etched in a two-dimensional manner: from a top to
bottom direction, as well as from a sideways direction.
Consequently, the gate spacers 240 can also be removed
quickly in the device region 100A. In some embodiments,
the gate spacers 240 in the device region 100A are com-
pletely removed. Therefore, air spacers (air gaps) 470 are
formed adjacent to the gate structure 140 in the device
region 100A.

[0045] Meanwhile, the device region 100B lacks the liner
270. As a result, the gate spacers 240 in the device region
100B is etched from the top (but not from the side) during
the etching processes 450. Consequently, the gate spacers
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240 are partially etched in the device region 100B, even after
the gate spacers 240 in the device region 100A may be
completely etched away. As shown in FIGS. 13B, the partial
removal of the gate spacers 240 lead to the formation of
shallower (compared to the air spacers 470) air spacers 480
adjacent to the gate structure 140 in the device region 100B.
Alternatively stated, the air spacers 470 in the device region
100A is formed to be deeper and wider than the air spacers
480 in the device region 100B. For example, the air spacers
470 may each have a vertical dimension (e.g., depth) 475
and a lateral dimension (e.g., width) 476, and the air spacers
480 may each have a vertical dimension (e.g., depth) 485
and a lateral dimension (e.g., width) 486. According to the
various aspects of the present disclosure, the vertical dimen-
sion 475 is greater than the vertical dimension 485, and the
lateral dimension 476 is greater than the lateral dimension
486 in some embodiments but less than the lateral dimension
486 in other embodiments. In some embodiments, a ratio
between the dimensions 485 and 475 (e.g., the dimension
485 divided by the dimension 475) is in a range between
about 0:1 and about 3:10. In some embodiments, a ratio
between the dimensions 486 and 476 (e.g., the dimension
486 divided by the dimension 476) is in a range between
about 1:10 and about 4:1. These ranges are tuned so as to
optimize the dielectric values of the air spacers 470 and 480.

[0046] The vertical dimensions 475 and 485 may be tuned
at least in part by adjusting the parameters of the etching
processes 450, and the lateral dimensions 476 and 486 may
be tuned at least in part by configuring the thicknesses of the
liner 270 and the gate spacers 240. The different (and
tunable) depths and widths of the air spacers 470 and 480
allow the dielectric value of the air spacers 470 and 480 to
be configured differently for the different types of devices in
the device regions 100A and 100B, respectively, in order to
optimize device performance in the different device regions
100A and 100B.

[0047] The implementation of the liner 270 to facilitate the
formation of the air spacer 470 is especially helpful in
embodiments when the aspect ratio of the air spacer 470 is
high. In that regard, the aspect ratio may be defined as the
vertical dimension 475 divided by the lateral dimension 476.
When the aspect ratio is high, for example greater than or
equal to about 10:1, it may be difficult to completely etch
away the gate spacers 240 in the device region 100A (where
the complete removal of the gate spacers 240 may be
desired). As discussed above, the liner 270 is configured to
be easily etchable, and its removal before the gate spacers
240 allows the etching of the spacers 240 to be performed
more efficiently and more effectively. Furthermore, the pres-
ence of the liner 270 besides the gate spacers 240 lowers the
aspect ratio (since it effectively increases the lateral dimen-
sion 476 of the air spacer), which makes the etching easier
as well. For these reasons, the formation of the air spacers
470 is easier according to the present disclosure. In addition,
the selective implementation of the liner 270 in the device
region 100A but not in the device region 100B allows the
depths or vertical dimensions of the air spacers 470 and 480
to be tuned individually or separately. For example, the air
spacer 470 may be formed to have one size, while the air
spacer 480 may be formed to have another size, due to the
incomplete removal of the gate spacer 240 in the device
region 100B.

[0048] In addition to achieving high aspect ratio air spac-
ers and tunable air spacer sizes in different device regions,
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the present disclosure also reduces the potential collapse of
the gate structure 140. In that regard, the gate structure 140
may need to be formed with a high aspect ratio (height of the
gate structure over the width of the gate structure) too,
particularly the gate structure in the device region 100B in
some embodiments. The high aspect ratio translates into a
high center of gravity of the gate structure 140, and the gate
structure 140 may also be more susceptible to various forces
during semiconductor fabrication such as capillary forces or
other movements, which could lead to a collapse of the gate
structure 140. In some cases, the etching process 450 may
also contribute to the potential collapse of the gate structure
140, particularly in conventional processes where the etch-
ing process would have to be performed for a much longer
duration in order to form a desired air spacer. The present
disclosure alleviates these problems since the etching pro-
cess 450 does not need to be performed very long for the
desired air spacers 470 and 480 to be formed. In addition, the
fact that the air spacers 480 are formed to not have such a
deep vertical dimension 485 (due to the incomplete removal
of the gate spacers 240) also reduces the likelihood of the
gate structure 140 collapsing in the device region 100B,
since the lower portion of the gate structure 140 is effec-
tively “held” in place at least in part by the remaining
portions of the gate spacers 240 in the device region 100B.
[0049] FIGS. 14A-14B and 15A-15B illustrate top views
of the semiconductor structure 90 corresponding to FIGS.
12A-12B and 13A-13B, respectively. As shown in FIG.
14 A, the liner 270 is disposed between the gate spacers 240
and 350 in the device region 100A. As shown in FIG. 14B,
the device region 100B lacks the liner 270 (because it had
already been removed in an earlier etching process 310
discussed above with reference to FIG. 6B). Thus, the gate
spacers 240 are disposed between the gate spacers 230 and
350.

[0050] As shownin FIG. 15A, the removal of the liner 270
facilitates the etching of the gate spacers 240 (e.g., from a
top direction and from a side direction), which forms air
spacers 470 between the gate spacers 230 and 350 in the
device region 100A. Meanwhile, as shown in FIG. 15B, the
lack of the liner 270 in the device region 100B means that
the gate spacers 240 are etched more slowly compared to the
device region 100A. Consequently, the air spacers 480 are
formed between the gate spacers 230 and 350 in the device
region 100B. As discussed above with reference to FIGS.
13A-13B, the air spacers 480 are shallower and narrower
than the air spacers 470.

[0051] It is understood that although the discussions above
show the liner 270 as being formed between the gate spacers
240 and the gate spacers 350, it is not required. In other
embodiments, the liner 270 can be formed between the gate
spacers 230 and the gate spacers 240 as well. For example,
the liner 270 may be formed on the gate spacers 230, and
then the gate spacers 240 may be formed on the liner 270.
This will not affect the intended functionality of the liner
270, because the removal of the liner 270 will still facilitate
the sideways etching of the gate spacers 240, albeit from a
different sideways direction. This embodiment of the present
disclosure is discussed in more detail below with reference
to FIGS. 31A-35A and 31B-35B.

[0052] FIGS. 16A-16B through 22A-22B illustrate an
alternative embodiment of the present disclosure. For rea-
sons of consistency and clarity, similar elements appearing
in all embodiments are labeled the same. In this alternative
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embodiment, the processing is substantially the same as the
embodiment corresponding to FIGS. 3A-3B through 15A-
15B, except that no liner 270 is formed. In more detail, the
semiconductor structure show in FIGS. 16A and 16B cor-
responds to the semiconductor structure shown in FIGS. 4A
and 4B. For example, the gate spacers 230 and 240 have
been formed in both the device region 100A and the device
region 100B.

[0053] Referring now to FIGS. 17A and 17B, a patterned
photoresist mask 500 is formed to cover up the device region
100B but not the device region 100A. A doping process 510
is then applied to the semiconductor structure 90 exposed in
the device region 100A. The doping process 510 implants
dopants into the gate spacers 240 to transform the gate
spacers 240 in the device region 100A into a material that is
also easily etchable in the later etching process. In other
words, the transformed gate spacers 240 function similarly
to the liner layer 270 discussed above, in that they have a
higher etching rate than the other components such as the
gate spacers 230 or 350, which facilitates the formation of
the air spacers.

[0054] In some embodiments, the doping process 510
implants oxygen or phosphorous as the dopants into the gate
spacers 240. In some embodiments, 20%-100% of the total
thickness of the gate spacers 240 in the device region 100A
is transformed. Meanwahile, since the gate spacers 240 in the
device region 100B is protected by the patterned photoresist
mask 500, they are not implanted with the dopants. Hence,
the gate spacers 240 in the device region 100A have different
properties (e.g., with respect to etching rate) than the gate
spacers 240 in the device region 100B.

[0055] Referring now to FIGS. 18A and 18B, the patterned
photoresist mask 500 is removed, for example via an ashing
or stripping process. Thereafter, the spacer layer 350 (dis-
cussed above with reference to FIGS. 8A-8B) is formed in
both the device region 100A and the device region 100B.
Since no liner 270 was formed in the device region 100A,
the spacer layer 350 is formed on the spacer layer 240
instead.

[0056] Referring now to FIGS. 19A and 19B, the dielectric
layer 370 is formed over the spacer layer 350 in both the
device region 100A and the device region 100B. A CMP
process is performed to planarize the upper surfaces of the
various layers in the device region 100A and in the device
region 100B. The spacer layer 350 is now broken up into
gate spacers 350, which have substantially co-planar upper
surfaces with the gate spacers 230-240 and the dielectric
layer 370. Thereafter, the one or more etching processes 400
are performed to remove the gate electrode 200 in both the
device region 100A and the device region 100B, which
forms openings 420 in both the device region 100A and the
device region 100B.

[0057] Referring now to FIGS. 20A and 20B, the gate
replacement process 430 is performed to form the metal gate
electrode 440 in each of the openings 420. The metal gate
electrode 440 may include a work function metal layer and
a bulk conductive layer (also referred to as a fill metal).
[0058] Referring now to FIGS. 21A and 21B, the one or
more etching processes 450 may be performed. The etching
processes may use HF, H,O, He, and/or N, as etchants. As
discussed above, after being treated with the dopants, the
gate spacers 240 in the device region 100A have a high
etching rate in the etching processes 450, for example an
etching rate greater than the gate spacers 240 in the device
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region 100B, the dielectric layer 370, the gate spacers 230,
and the metal gate electrode 440. As such, the gate spacers
240 in the device region 100A can be removed very quickly.
[0059] The removal of the gate spacers 240 forms air
spacers (air gaps) 570 in the device region 100A. The air
spacers 570 each have a vertical dimension 575 and a lateral
dimension 576. Compared to the air spacers 470 formed in
the previous embodiment (shown in FIG. 13A), the air
spacers 570 may have a substantially similar vertical dimen-
sion but a smaller lateral dimension, which is due to the lack
of the liner 270. In other words, the vertical dimension 575
may be approximately equal to the vertical dimension 475
(see FIG. 13A), while the lateral dimension 576 may be less
than the lateral dimension 476 (see FIG. 13A). Of course,
this is just a non-limiting example. In other embodiments,
the lateral dimension 576 of the air spacers 570 may be
increased by initially depositing a thicker spacer layer 240.
[0060] Meanwhile, the gate spacers 240 in the device
region 100B were not treated with the dopants. As a result,
the gate spacers 240 in the device region 100B is etched at
a slower etching rate (compared to the gate spacers 240 in
the device region 100A) during the etching processes 450.
Consequently, the gate spacers 240 are only partially etched
in the device region 100B, even after the gate spacers 240 in
the device region 100A are completely etched away.
[0061] As shown in FIGS. 21B, the partial removal of the
gate spacers 240 in the device region 100B leads to the
formation of shallower air spacers 580 in the device region
100B, as opposed to the deeper air spacers 570 in the device
region 100A. Alternatively stated, the air spacers 570 in the
device region 100A is formed to be deeper (but not neces-
sarily wider) than the air spacers 580 in the device region
100B. For example, the air spacers 580 may each have a
vertical dimension 585 and a lateral dimension 586. Accord-
ing to the various aspects of the present disclosure, the
vertical dimension 575 is greater than the vertical dimension
585, but the lateral dimension 576 may be approximately the
same as the lateral dimension 586. In some embodiments,
the ratio between the vertical dimension 585 and the vertical
dimension 575 may be in a range between about 0:1 and
about 3:10.

[0062] Again, the vertical dimensions 575 and 585 may be
tuned at least in part by adjusting the parameters of the
etching processes 450, and the lateral dimensions 576 and
586 may be tuned at least in part by configuring the
thickness of the initially deposited spacer layer 240. The
different (and tunable) depths and widths of the air spacers
570 and 580 allow the dielectric value of the air spacers 570
and 580 to be configured differently for the different types of
devices in the device regions 100A and 100B, respectively,
in order to optimize device performance in the different
device regions 100A and 100B. In addition, the alternative
embodiment also reduces the likelihood of the gate structure
140 collapsing for reasons similar to those discussed above
in association with the embodiment of FIGS. 3A-15A and
3B-15B.

[0063] The top views of the semiconductor structure at
this stage of fabrication are also illustrated in FIGS. 22A and
22B. The top views in FIGS. 22A-22B are substantially
similar to the top views illustrated in FIGS. 15A-15B, except
that the air spacers 570 shown in FIG. 22 A may be narrower
than the air spacers 470 shown in FIG. 15A.

[0064] FIGS. 23A-23B through 22A-22B illustrate yet
another alternative embodiment of the present disclosure.
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For reasons of consistency and clarity, similar elements
appearing in all embodiments are labeled the same. In this
alternative embodiment, the processing steps are similar to
the embodiment corresponding to FIGS. 16A-16B through
22A-22B, except that a doping process is applied to treat the
gate spacers 240 in the device region 100B, rather than to
treat the gate spacers 240 in the device region 100A. In more
detail, the semiconductor structure show in FIGS. 23A and
23B corresponds to the semiconductor structure shown in
FIGS. 16A and 16B (or FIGS. 4A and 4B). For example, the
gate spacers 230 and 240 have been formed on sidewalls of
the gate structures 140 in both the device region 100A and
the device region 100B.

[0065] Referring now to FIGS. 24A and 24B, a patterned
photoresist mask 600 is formed to cover up the device region
100A but not the device region 100B. A doping process 610
is then applied to the semiconductor structure 90 exposed in
the device region 100B. The doping process 610 implants
dopants into the gate spacers 240 to transform the gate
spacers 240 in the device region 100B into a material that is
difficult to etch in a later etching process. In other words, the
doping process 610 retards the etching rate of the treated
gate spacers 240 in the device region 100B.

[0066] In some embodiments, the doping process 610
implants carbon, nitrogen, boron, or fluorine as the dopants
into the gate spacers 240. In some embodiments, 20%-100%
of the total thickness of the gate spacers 240 in the device
region 100B is transformed. Meanwhile, since the gate
spacers 240 in the device region 100A is protected by the
patterned photoresist mask 600, they are not implanted with
the dopants. Hence, the gate spacers 240 in the device region
100A have a lower etching rate than the gate spacers 240 in
the device region 100B.

[0067] Referring now to FIGS. 25A and 25B, the patterned
photoresist mask 600 is removed, for example via an ashing
or stripping process. Thereafter, the spacer layer 350 (dis-
cussed above with reference to FIGS. 8A-8B) is formed in
both the device region 100A and the device region 100B.
Since no liner 270 was formed in the device region 100A,
the spacer layer 350 is formed on the spacer layer 240
instead.

[0068] Referring now to FIGS. 26 A and 26B, the dielectric
layer 370 is formed over the spacer layer 350 in both the
device region 100A and the device region 100B. A CMP
process is performed to planarize the upper surfaces of the
various layers in the device region 100A and in the device
region 100B. The spacer layer 350 is now broken up into
gate spacers 350, which have substantially co-planar upper
surfaces with the gate spacers 230-240 and the dielectric
layer 370. Thereafter, the one or more etching processes 400
are performed to remove the gate electrode 200 in both the
device region 100A and the device region 100B, which
forms openings 420 in both the device region 100A and the
device region 100B.

[0069] Referring now to FIGS. 27A and 27B, the gate
replacement process 430 is performed to form the metal gate
electrode 440 in each of the openings 420. The metal gate
electrode 440 may include a work function metal layer and
a bulk conductive layer (also referred to as a fill metal).
[0070] Referring now to FIGS. 28A and 28B, the one or
more etching processes 450 may be performed. The etching
processes may use HF, H,O, He, and/or N, as etchants. As
discussed above, after being treated with the dopants, the
gate spacers 240 in the device region 100B have a slower
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etching rate in the etching processes 450, for example an
etching rate less than that of the gate spacers in the device
region 100A, the dielectric layer 370, the gate spacers 230,
and the metal gate electrode 440. As such, the gate spacers
240 in the device region 100A may be completely removed
while portions of the gate spacers 240 may still remain in the
device region 100B even after the performance of the
etching processes 450.

[0071] The removal of the gate spacers 240 forms air
spacers (air gaps) 670 in the device region 100A, and the
partial removal of the gate spacers 240 forms air gaps 680
in the device region 100B. Due to the greater etching
resistance of the gate spacers 240 in the device region 100B,
the air spacers 680 formed in the device region 100B may
have a smaller depth than the air spacers 670 formed in the
device region 100A. In other words, whereas the embodi-
ment corresponding to FIGS. 16A-16B through 22A-22B
treats the gate spacers 240 in the device region 100A to
enhance their etching rates, the embodiment described in the
FIGS. 23A-23B through 28A-28B does the opposite by
treating the gate spacers 240 in the device region 100B to
make them more etching resistant. However, the end result
achieved by both embodiments may still be similar a bigger
air spacer in the device region 100A than in the device
region 100B.

[0072] For example, as shown in FIGS. 28A-28B, the air
spacers 670 in the device region 100A may each have a
vertical dimension 675 and a lateral dimension 676, while
the air spacers 680 in the device region 100B may each have
a vertical dimension 685 and a lateral dimension 686.
Similar to the embodiment discussed previously, the vertical
dimension 675 is greater than the vertical dimension 685,
and the lateral dimension 676 may be similar to the lateral
dimension 686. Also as discussed above, the values of these
dimensions are tunable, and the different (and tunable)
depths and widths of the air spacers 670 and 680 allow the
dielectric values of the air spacers 670 and 680 to be
configured differently for the different types of devices in the
device regions 100A and 100B, respectively, in order to
optimize device performance in the different device regions
100A and 100B. Furthermore, the gate structure 140 in the
device region 100B is less likely to collapse for reasons
similar to those discussed above in association with the
previous embodiments.

[0073] The top views of the semiconductor structure at
this stage of fabrication are also illustrated in FIGS. 29A and
29B. The top views in FIGS. 29A-29B are substantially
similar to the top views illustrated in FIGS. 22A-22B, except
that the gate spacers 240 in the device region 100B are
doped, whereas the gate spacers 240 in the device region
100A are doped in the embodiment shown in FIGS. 22A-
22B.

[0074] Regardless of what embodiment is performed to
form the air spacers, it is understood that additional pro-
cessing steps may be performed to complete the fabrication
of the semiconductor structure 90. For example, referring
now to FIGS. 30A and 30B, a capping layer 700 may be
formed over the dielectric layer 370, the gate spacers 230
and 350, and the metal gate electrode 440. The capping layer
700 also partially fills in the air spacers 470 and 480 (and
similarly for the air spacers 570-580 and 670-680). In some
embodiments, the portion of the capping layer 700 partially
filling the air spacers 470-480 may constitute about 5%-50%
of the total depth (e.g., vertical dimensions 475 or 485) of
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the air spacers 470 or 480. The capping layer 700 may
include a dielectric material, for example a nitride material
in some embodiments.

[0075] FIGS. 31A-35A and 31B-35B illustrate cross-sec-
tional side views of another alternative embodiment of the
present disclosure. In this alternative embodiment, the pro-
cessing steps are substantially similar to the embodiment
discussed above in association with FIGS. 2-3 and 4A-4B
through 15A-15B, except that the liner 270 is formed
between the spacer layer 230 and the spacer layer 240, for
example it is formed on the spacer layer 230 before the
spacer layer 240 is formed. In more detail, the stage of
fabrication in FIGS. 31A-31B is similar to the stage of
fabrication shown in FIGS. 4A-4B, except that the liner 270
(and not the spacer layer 240) is formed on the spacer layer
230 in the device region 100A. The selective formation of
the liner 270 (in the device region 100A but not in the device
region 100B) may be achieved by first depositing the liner
270 on the spacer layer 230 in both the device region 100A
and the device region 100B, and then using a photoresist
mask to protect the portion of the liner 270 in the device
region 100A while the portion of the liner 270 in the device
region 100B is etched away. It is also understood that the
source/drain features 122 have not been formed at this stage
of fabrication yet.

[0076] Referring now to FIGS. 32A-32B, the spacer layer
240 is deposited on the liner 270 in the device region 100A
and on the spacer layer 230 in the device region 100B.
Thereafter, the dummy layer 250 is formed on the spacer
layer 240. As discussed above, the dummy layer 250 may
include a dielectric material such as silicon nitride and may
be used to define N epi-layer and P epi-layers.

[0077] Referring now to FIGS. 33A-33B, the dummy
layer 250 is removed after the P and N epi-layer definition,
and the source/drain features 122 are formed in the device
region 100A. The spacer layer 350 is then formed over the
spacer layer 240, and then the dielectric layer 370 is formed
over the spacer layer 350.

[0078] Referring now to FIGS. 34A-34B, a CMP process
similar to the CMP process 390 discussed above is per-
formed to planarize the upper surfaces of the layers 230,
240, 270, 350, and 370. The gate replacement process 430
is then performed to replace the dummy gate electrode 200
with a metal gate electrode 440 in both the device region
100A and the device region 100B.

[0079] Referring now to FIGS. 35A-35B, the one or more
etching processes 450 are performed to etch away the liner
270 and the spacer layer 240 in the device region 100A as
well as to partially etch away the spacer layer 240 in the
device region 100B. Air spacers 470 and 480 are formed in
the device region 100A and 100B, respectively. At this stage
of fabrication, the semiconductor structure 90 is substan-
tially similar to the semiconductor structure 90 formed in
FIGS. 13A-13B. Again, the difference between the embodi-
ment shown in FIGS. 13A-13B and the embodiment shown
in FIGS. 35A-35B is that the location of the liner 270 is
switched. However, since the liner 270 is removed eventu-
ally by the etching processes 450, the semiconductor struc-
ture 90 in both embodiments have substantially identical
device structures, in terms of not only the cross-sectional
views but also the top views shown in FIGS. 15A-15B.
[0080] FIG. 36 is a flowchart illustrating a method 800 of
fabricating a semiconductor device according to an embodi-
ment of the present disclosure. The method 800 includes a
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step 810 of forming, in a first device region, a first device
that includes: a first gate, a first dielectric spacer, a second
dielectric spacer, a third dielectric spacer, and a liner dis-
posed between the first dielectric spacer and the second
dielectric spacer or between the second dielectric spacer and
the third dielectric spacer. In some embodiments, the first
device is a functional device, and the second device is a
dummy device. In some embodiments, the first device is
formed over an active region, and the second device is
formed over an electrical isolation region.

[0081] The method 800 includes a step 820 of forming, in
a second device region, a second device that includes: a
second gate, a fourth dielectric spacer, a fifth dielectric
spacer, and a sixth dielectric spacer.

[0082] The method 800 includes a step 830 of performing
one or more etching processes to the first device and the
second device. The one or more etching processes form a
first air spacer in the first device region by removing the liner
and the second dielectric spacer. The one or more etching
processes also form a second air spacer in the second device
region by partially removing the fifth dielectric spacer in the
second device region. In some embodiments, the one or
more etching processes form the first air spacer and the
second air spacer to have different vertical dimensions or
different lateral dimensions.

[0083] In some embodiments, the forming the first device
comprises forming the liner that has a greater etching rate
than the first dielectric spacer, the second dielectric spacer,
and the third dielectric spacer in the one or more etching
processes.

[0084] In some embodiments, the liner is formed by:
depositing a liner layer in both the first device region and the
second device region; and removing portions of the liner
disposed in the second device region but not portions of the
liner disposed in the first device region.

[0085] FIG. 37 is a flowchart illustrating a method 900 of
fabricating a semiconductor device according to another
embodiment of the present disclosure. The method 900
includes a step 910 of forming a first dielectric spacer over
a first gate and over a second gate. The first gate is disposed
in a first device region, and the second gate is disposed over
a second device region.

[0086] The method 900 includes a step 920 of forming a
second dielectric spacer over the first dielectric spacer.
[0087] The method 900 includes a step 930 of doping a
portion of the second dielectric spacer. The doped portion
and an undoped portion of the second dielectric spacer have
different etching rates.

[0088] The method 900 includes a step 940 of forming a
third dielectric spacer over the doped portion and the
undoped portion of the second dielectric spacer.

[0089] The method 900 includes a step 950 of etching the
second dielectric spacer in the first device region to form a
first air spacer and etching the second dielectric spacer in the
second device region to form a second air spacer. The first
air spacer and the second air spacer are etched to have
different sizes due to the different etching rates between the
doped and undoped portion of the second dielectric spacer.
In some embodiments, the first air spacer and the second air
spacer are formed to have different vertical dimensions.
[0090] In some embodiments, the doping the portion of
the second dielectric spacer comprises doping a portion of
the second dielectric spacer in the first device region. The
doped portion of the second dielectric spacer has a greater
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etching rate than the undoped portion of the second dielec-
tric spacer. In some embodiments, the doping comprises
doping the portion of the second dielectric spacer with
oxygen or phosphorous as a dopant.

[0091] In some other embodiments, the doping the portion
of'the second dielectric spacer comprises doping a portion of
the second dielectric spacer in the second device region. The
doped portion of the second dielectric spacer has a lower
etching rate than the undoped portion of the second dielec-
tric spacer. In some embodiments, the doping comprises
doping the portion of the second dielectric spacer with
carbon, nitrogen, boron, or fluorine as a dopant.

[0092] In summary, the present disclosure employs vari-
ous techniques to facilitate the formation of air spacers. For
example, in a first embodiment, the present disclosure forms
a liner between dielectric gate spacers in a selected first
region of a semiconductor structure. The material compo-
sition of the liner is configured to have a high etching rate.
As such, the liner can be easily removed in an etching
process to form air spacers. The removal of the liner also
exposes the sidewalls of one of the gate spacers, which
allows said gate spacers to be etched away more efficiently
in the first region of the semiconductor structure. In a second
embodiment, a doping process is performed to selectively
treat dielectric gate spacers in a first region (but not a second
region) of the semiconductor structure, where the treated
dielectric gate spacers need to be removed in order to form
air spacers. The doping process accelerates the etching rate
of the treated dielectric gate spacer. As such, when etching
processes are performed to form air spacers, bigger air
spacers can be formed in the first region than in the second
region. In a third embodiment, a doping process is per-
formed to selectively treat dielectric gate spacers in a second
region (but not a first region) of the semiconductor structure,
where the treated dielectric gate spacers need to be removed
in order to form air spacers. The doping process retards the
etching rate of the treated dielectric gate spacer. As such,
when etching processes are performed to form air spacers,
bigger air spacers can be formed in the first region than in
the second region.

[0093] Based on the above discussions, it can be seen that
the present disclosure offers advantages over conventional
air spacers. However, it is understood that not all advantages
are discussed herein, different embodiments may offer dif-
ferent advantages, and that no particular advantage is
required for any embodiment. One advantage is that the
present disclosure forms air spacers more easily, particularly
when a high aspect ratio is desired for the air spacer.
Whereas conventional methods of air spacer formation may
struggle with respect to the etching needed to form the air
spacers, embodiments of the present disclosure facilitates
the air spacer etching process by implementing a liner that
is easily removable, and the removal of the liner allows the
dielectric spacer to be etched not just from the top but also
from the side (where the liner used to be). Hence, the air
spacer etching process can be performed more effectively
and more efficiently. Another advantage is that the present
disclosure allows the depth and/or width of the air spacers to
be flexibly tuned for different device regions. For example,
in embodiments where the liner is implemented, the device
region having the liner may end up with an air spacer that is
deeper and wider than the device region without the liner. As
another example, in embodiments where the doping process
is performed to treat the dielectric spacer to be removed, the
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device region where the dielectric spacer is treated may end
up with an air spacer that is deeper or shallower than the
other device region where the dielectric spacer is untreated,
depending on whether the doping process accelerates or
retards the etching rate of the treated dielectric spacer.
Regardless, having different and configurable air spacer
sizes allows the dielectric values to be optimized for spacers
in their respective device regions. Yet another advantage is
that the gate structures-particularly ones that are tall and
narrow—have reduced risks of collapsing. This may be
attributed at least in part to the more efficient air spacer
etching, and/or to the fact that even after the air spacers are
etched into place, some portions of the dielectric spacer may
remain in some regions, which may help hold the gate
structure in place. Other advantages may include compat-
ibility with existing fabrication processes and the ease and
low cost of implementation.

[0094] The advanced lithography process, method, and
materials described above can be used in many applications,
including fin-type field effect transistors (FinFETs). For
example, the fins may be patterned to produce a relatively
close spacing between features, for which the above disclo-
sure is well suited. In addition, spacers used in forming fins
of FinFETs, also referred to as mandrels, can be processed
according to the above disclosure.

[0095] One aspect of the present disclosure pertains to a
semiconductor device. The semiconductor device includes a
first device and a second device. The first device includes a
first gate structure formed over an active region and a first
air spacer disposed adjacent to the first gate structure. The
second device includes a second gate structure formed over
an isolation structure and a second air spacer disposed
adjacent to the second gate structure. The first air spacer and
the second air spacer have different sizes.

[0096] Another aspect of the present disclosure pertains to
a method. The method includes forming, in a first device
region, a first device that includes: a first gate, a first
dielectric spacer, a second dielectric spacer, a third dielectric
spacer, and a liner disposed between the first dielectric
spacer and the second dielectric spacer or between the
second dielectric spacer and the third dielectric spacer. The
method also includes forming, in a second device region, a
second device that includes: a second gate, a fourth dielec-
tric spacer, a fifth dielectric spacer, and a sixth dielectric
spacer. The method further includes performing one or more
etching processes to the first device and the second device.
The one or more etching processes form a first air spacer in
the first device region by removing the liner and the second
dielectric spacer. The one or more etching processes form a
second air spacer in the second device region by partially
removing the fifth dielectric spacer in the second device
region.

[0097] Yet another aspect of the present disclosure per-
tains to a method. The method includes forming a first
dielectric spacer over a first gate and over a second gate, the
first gate being disposed in a first device region, and the
second gate being disposed over a second device region. The
method includes forming a second dielectric spacer over the
first dielectric spacer. The method includes doping a portion
of the second dielectric spacer. The doped portion and an
undoped portion of the second dielectric spacer have differ-
ent etching rates. The method includes forming a third
dielectric spacer over the doped portion and the undoped
portion of the second dielectric spacer. The method includes
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etching the second dielectric spacer in the first device region
to form a first air spacer and etching the second dielectric
spacer in the second device region to form a second air
spacer. The first air spacer and the second air spacer are
etched to have different sizes due to the different etching
rates between the doped and undoped portion of the second
dielectric spacer.

[0098] The foregoing outlines features of several embodi-
ments so that those of ordinary skill in the art may better
understand the aspects of the present disclosure. Those of
ordinary skill in the art should appreciate that they may
readily use the present disclosure as a basis for designing or
modifying other processes and structures for carrying out the
same purposes and/or achieving the same advantages of the
embodiments introduced herein. Those of ordinary skill in
the art should also realize that such equivalent constructions
do not depart from the spirit and scope of the present
disclosure, and that they may make various changes, sub-
stitutions, and alterations herein without departing from the
spirit and scope of the present disclosure.

What is claimed is:

1. An apparatus, comprising:

a functional transistor that includes:

a source/drain disposed in an active region;

a first gate disposed over the active region in a first type
of cross-sectional side view defined by a vertical
direction and a first horizontal direction; and

a first gate spacer structure disposed between the first
gate and the source/drain in the first horizontal
direction in the first type of cross-sectional side view,
wherein the first gate spacer structure includes a first
air gap; and

a non-functional transistor that includes:

a second gate disposed over an electrically-insulative
structure in the first type of cross-sectional side view;
and

a second gate spacer structure disposed adjacent to the
second gate in the first horizontal direction in the first
type of cross-sectional side view, wherein the second
gate spacer structure includes a second air gap hav-
ing a different size than the first air gap in the vertical
direction or in the first horizontal direction in the first
type of cross-sectional side view.

2. The apparatus of claim 1, wherein the non-functional
transistor does not conduct electricity.

3. The apparatus of claim 1, wherein the non-functional
transistor lacks a source/drain.

4. The apparatus of claim 1, wherein the first air gap is
larger than the second air gap.

5. The apparatus of claim 4, wherein the first air gap is
larger than the second air gap in both the vertical direction
and in the first horizontal direction.

6. The apparatus of claim 1, wherein:

the first gate spacer structure includes a first dielectric
layer;

a first portion of the first dielectric layer is located directly
below the first air gap in the vertical direction in the
first type of cross-sectional side view;

the second gate spacer structure includes a second dielec-
tric layer;

a first portion of the second dielectric layer is located
directly below the first air gap in the vertical direction
in the first type of cross-sectional side view; and
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an upper surface of the first portion of the first dielectric
layer is more elevated in the vertical direction than an
upper surface of the first portion of the second dielec-
tric layer in the first type of cross-sectional side view.

7. The apparatus of claim 6, wherein the first dielectric
layer and the second dielectric layer have different material
compositions.

8. The apparatus of claim 6, wherein the first dielectric
layer has a greater carbon content than the second dielectric
layer.

9. The apparatus of claim 6, wherein:

a second portion of the first dielectric layer is disposed
directly adjacent to the first air gap in the first horizon-
tal direction in the first type of cross-sectional side
view;

the second gate spacer structure further includes a third
dielectric layer that is disposed directly adjacent to the
second air gap in the first horizontal direction in the first
type of cross-sectional side view; and

the first dielectric layer and the third dielectric layer have
a same material composition.

10. The apparatus of claim 9, wherein a portion of the
third dielectric layer is disposed directly below the second
dielectric layer in the vertical direction in the first type of
cross-sectional side view.

11. An apparatus, comprising:

a functional transistor that is a part of an electronic circuit,

the functional transistor including:

a source/drain at least partially surrounded by an active
region in a first type of cross-sectional side view
defined by a vertical direction and a first horizontal
direction;

a first gate disposed over the active region; and

a first gate spacer structure disposed between the first
gate and the source/drain in the first horizontal
direction in the first type of cross-sectional side view,
wherein the first gate spacer structure includes a first
air spacer component; and

a dummy transistor that is not a part of any electronic
circuit, the dummy transistor including:

a second gate disposed over an electrically-insulative
structure in the first type of cross-sectional side view;
and

a second gate spacer structure disposed adjacent to the
second gate in the first horizontal direction in the first
type of cross-sectional side view, wherein the second
gate spacer structure includes a second air spacer
component having a different geometric profile than
the first air spacer component in the first type of
cross-sectional side view.

12. The apparatus of claim 11, wherein the second gate
includes at least one extra dielectric layer compared to the
first gate spacer structure.

13. The apparatus of claim 12, wherein the at least one
extra dielectric layer is doped.

14. The apparatus of claim 11, wherein:

the first air spacer component has a first upper boundary
and a first lower boundary;

the second air spacer component has a second upper
boundary and a second lower boundary;

the first upper boundary is less elevated than an upper
surface of the first gate in the vertical direction in the
first type of cross-sectional side view;
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the first lower boundary is more elevated than a lower
surface of the first gate in the vertical direction in the
first type of cross-sectional side view;

the second upper boundary is less elevated than an upper
surface of the second gate in the vertical direction in the
first type of cross-sectional side view; and

the second lower boundary is more elevated than a lower
surface of the second gate in the vertical direction in the
first type of cross-sectional side view.

15. The apparatus of claim 14, wherein the second lower
boundary is more elevated than the first lower boundary in
the vertical direction in the first type of cross-sectional side
view.

16. The apparatus of claim 14, wherein:

the first lower boundary and a side boundary of the first
air spacer component are both defined by a first type of
dielectric material; and

the second lower boundary and a side boundary of the
second air spacer component are defined by a second
type of dielectric material and by the first type of
dielectric material, respectively.

17. The apparatus of claim 11, wherein the dummy

transistor is free of having any source/drain components.

18. An apparatus, comprising:

a functional transistor that is a part of an electronic
memory circuit, wherein the functional transistor
includes:

a source/drain disposed in an active region;

a first gate disposed over the active region in a first type
of cross-sectional side view defined by a vertical
direction and a first horizontal direction; and

a first air spacer disposed between the first gate and the
source/drain in the first horizontal direction in the
first type of cross-sectional side view; and

a non-functional transistor that is not a part of the elec-
tronic memory circuit, wherein the non-functional tran-
sistor does not conduct electricity, but includes:

a second gate disposed over a dielectric isolation struc-
ture in the first type of cross-sectional side view; and

a second air spacer disposed adjacent to the second gate
in the first horizontal direction in the first type of
cross-sectional side view, wherein the first air spacer
is taller than the second air spacer in the vertical
direction and wider than the second air spacer in the
first horizontal direction in the first type of cross-
sectional side view.

19. The apparatus of claim 18, wherein:

a bottom surface of the first air spacer is defined by a first
type of dielectric material;

a bottom surface of the second air spacer is defined by a
second type of dielectric material; and

the first type of dielectric material and the second type of
dielectric material have different material composi-
tions.

20. The apparatus of claim 19, wherein:

the first type of dielectric material has a greater carbon
content than the second type of dielectric material; or

the second type of dielectric material is doped, but the first
type of dielectric material is undoped.
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