wo 2015/138202 A1 || W00 AT OO A AR

(43) International Publication Date
17 September 2015 (17.09.2015)

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

WIPOIPCT

(10) International Publication Number

WO 2015/138202 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

International Patent Classification:
HO1L 29/49 (2006.01) HO1L 29/78 (2006.01)
HO1L 29/66 (2006.01)

International Application Number:
PCT/US2015/018806

International Filing Date:
4 March 2015 (04.03.2015)

Filing Language: English
Publication Language: English
Priority Data:

61/950,681 10 March 2014 (10.03.2014) US
14/341,568 25 July 2014 (25.07.2014) US

Applicant: QUALCOMM INCORPORATED [US/US];
5775 Morehouse Drive, San Diego, California 92121-1714

(US).

Inventors: XU, Jeffrey Junhao; 5775 Morehouse Drive,
San Diego, California 92121 (US). RIM, Kern; 5775

(74

(8D

Morehouse Drive, San Diego, California 92121 (US).
ZHU, John Jianhong; 5775 Morehouse Drive, San Diego,
California 92121 (US). SONG, Stanley Seungchul; 5775
Morehouse Drive, San Diego, California 92121 (US).
BADAROGLU, Mustafa; 5775 Morehouse Drive, San
Diego, California 92121 (US). MACHKAOQOUTSAN,
Vladimir; 5775 Morehouse Drive, San Diego, California
92121 (US). YANG, Da; 5775 Morehouse Drive, San
Diego, California 92121 (US). YEAP, Choh Fei; 5775
Morehouse Drive, San Diego, California 92121 (US).

Agent: TOLER, Jeffrey G.; 8500 Bluffstone Cove, Suite
A201, Austin, Texas 78759 (US).

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,

[Continued on next page]

(54) Title: SEMICONDUCTOR DEVICE HAVING A GAP DEFINED THEREIN

(57) Abstract: In a particular embodiment, a method includes forming a

Dielectric

Dielectric

/ Material \

Spacer

Spacer
\ / Material \

160

Diglgctric
Material

i G
g g

FIG. 1B

first spacer structure on a dummy gate of a semiconductor device and
forming a sacrificial spacer on the first spacer structure. The method
also includes etching a structure of the semiconductor device to create
an opening, removing the sacrificial spacer via the opening, and deposit -
ing a material to close to define a gap.
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SEMICONDUCTOR DEVICE HAVING A GAP DEFINED THEREIN

L Claim of Priority

[0001] The present application claims priority from commonly owned U.S. Provisional
Pat. App. No. 61/950,681 filed March 10, 2014, and U.S. Non-Provisional Patent
Application No. 14/341,568 filed July 25, 2014, the contents of which are expressly

incorporated herein by reference in their entirety..

y/A Field
[0002] The present disclosure is generally related to a semiconductor device having a
gap defined therein.

IIl.  Description of Related Art

[0003] Advances in technology have resulted in smaller apparatuses and more powerful
computing devices. For example, there currently exist a variety of portable personal
computing devices, including wireless computing devices, such as portable wireless
telephones, personal digital assistants (PDAs), and paging devices that are small,
lightweight, and easily carried by users. More specifically, portable wireless
telephones, such as cellular telephones and internet protocol (IP) telephones, can
communicate voice and data packets over wireless networks. Further, many such
wireless telephones include other types of devices that are incorporated therein. For
example, a wireless telephone can also include a digital still camera, a digital video
camera, a digital recorder, and an audio file player. Also, such wireless telephones can
process executable instructions, including software applications, such as a web browser
application, that can be used to access the Internet. As such, these wireless telephones

can include significant computing capabilities.

[0004] Portable personal computing devices, such as wireless computing devices, may
include a semiconductor device, such as a fin ficld-effect transistor (FinFET) device.
The FinFET device may be formed with one or more fins. When a FinFET device
includes a single fin, a shape of the fin may limit a drive strength (e.g., a current, such as
an alternating current) of the FinFET to a relatively low level. To enable higher drive

strengths, a FinFET device may be formed with multiple fins. However, the multiple
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[0006]

[0007]

0.

fins may introduce parasitic capacitances that restrict (e.g., limit) alternating current

performance of the FinFET device.

V.  Summary

The present disclosure provides a semiconductor device having a gap (e.g., an
air gap and/or a vacuum gap) defined therein. For example, a source/drain region of the
semiconductor device may define the gap. A method of forming the semiconductor
device, such as a FinFET device, may include depositing a first spacer material on a
dummy gate (e.g., a sidewall of the dummy gate) of the semiconductor device. The
method may also include depositing a sacrificial spacer on the first spacer material and
depositing a second spacer material on the sacrificial spacer. The second spacer material
may be in contact with the first spacer material. The method may further include
removing the sacrificial spacer between the first spacer material and the second spacer
material to create a cavity (having an opening) between the first spacer material and the
second spacer material. For example, the sacrificial spacer material may be removed
(e.g., etched) through the opening. The method may include filling the opening to
establish a gap that is defined by a portion of the first spacer material and by a portion
of the second spacer material. The opening may be filled (e.g., closed) with a third
spacer material (e.g., a spacer cap) or a source/drain region material. The gap may be
defined by a source/drain region of the semiconductor device. Additionally, the gap
may be defined by the first spacer material, the second spacer material, the third spacer
material, a substrate (e.g., a fin) of the semiconductor device, or a combination thereof,
as illustrative, non-limiting examples. A height of the gap may be less than a height of
a gate of the semiconductor device. The gap may enable a reduced parasitic capacitance
and may increase a drive strength of the semiconductor device as compared to

semiconductor devices that do not include a gap.

In a particular embodiment, a method includes forming a first spacer structure on
a dummy gate of a semiconductor device and forming a sacrificial spacer on the first
spacer structure. The method also includes etching a structure of the semiconductor
device to create an opening, removing the sacrificial spacer through the opening and

depositing a material to close the opening to define a gap.

In another particular embodiment, a semiconductor device includes a gate, a
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contact, and a source/drain region. The source/drain region is electrically coupled to the
contact and defines a gap positioned between the gate and the contact. A height of the
gap is less than a height of the gate.

[0008] In another particular embodiment, a non-transitory computer-readable medium
includes instructions that, when executed by a processor, cause the processor to initiate
formation of a semiconductor device. The semiconductor device formed by forming a
first spacer structure on a dummy gate of a semiconductor device and by forming a
sacrificial spacer on the first spacer structure. The semiconductor device is further
formed by etching a structure to create an opening. The semiconductor device is further
formed by removing the sacrificial spacer through the opening and by depositing a

material to close the opening to define a gap.

[0009] In another particular embodiment, an apparatus includes means for activating a
channel region of a semiconductor device. The channel region is coupled to a
source/drain region of the semiconductor device. The apparatus further includes means
for conducting current, the means for conducting coupled to the source/drain region.
The source/drain region defines a gap positioned between the means for activating and
the means for conducting. A height of the gap is less than a height of the means for

activating the channel region.

[0010] One particular advantage provided by at least one of the disclosed embodiments
is reduced parasitic capacitance (e.g., a gate capacitance) and an AC performance
improvement as compared to devices (e.g., FINFETs) that do not have a defined gap.
Another particular advantage provided by at least one of the disclosed embodiments is
that a FinFET transistor delay time may be reduced and/or a switch energy may be

reduced as compared to FinFET devices that do not have a defined gap.

[0011] Other aspects, advantages, and features of the present disclosure will become
apparent after review of the entire application, including the following sections: Brief

Description of the Drawings, Detailed Description, and the Claims.

V. Brief Description of the Drawings

[0012] FIG. 1A is a diagram of a partial view of a first semiconductor device including

a source/drain region that defines a gap;
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[0013] FIG. 1B is a diagram of a partial view of a second semiconductor device

including a source/drain region that defines a gap;

[0014] FIG. 2 is a first illustrative diagram of at least one stage of a first process of

fabricating a semiconductor device including a source/drain region that defines a gap;

[0015] FIG. 3 is a second illustrative diagram of at least one stage of the first process of

fabricating the semiconductor device after forming a hardmask on a dummy gate;

[0016] FIG. 4 is a third illustrative diagram of at least one stage of the first process of

fabricating the semiconductor device after forming a first spacer structure;

[0017] FIG. 5 is a fourth illustrative diagram of at least one stage of the first process of

fabricating the semiconductor device after forming a sacrificial spacer;

[0018] FIG. 6 is a fifth illustrative diagram of at least one stage of the first process of

fabricating the semiconductor device after forming a second spacer structure;

[0019] FIG. 7 is a sixth illustrative diagram of at least one stage of the first process of
fabricating the semiconductor device after removing a portion of a fin of the

semiconductor device;

[0020] FIG. 8 is a seventh illustrative diagram of at least one stage of the first process

of fabricating the semiconductor device after removing the sacrificial spacer;

[0021] FIG. 9 is an eighth illustrative diagram of at least one stage of the first process of

fabricating the semiconductor device after forming a source/drain region;

[0022] FIG. 10 is a ninth illustrative diagram of at least one stage of the first process of
fabricating the semiconductor device after a dielectric material is deposited and after

planarization is performed;

[0023] FIG. 11 is a tenth illustrative diagram of at least one stage of the first process of

fabricating the semiconductor device after the dummy gate is removed;

[0024] FIG. 12 is an eleventh illustrative diagram of at least one stage of the first

process of fabricating the semiconductor device after forming a gate;
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[0025] FIG. 13 is a twelfth illustrative diagram of at least one stage of the first process

of fabricating the semiconductor device after forming a cavity;

[0026] FIG. 14 is a thirteenth illustrative diagram of at least one stage of the first

process of fabricating the semiconductor device after forming a contact;

[0027] FIG. 15 is a first illustrative diagram of at least one stage of the second process
of fabricating a semiconductor device after removing a portion of a fin of the

semiconductor device;

[0028] FIG. 16 is a second illustrative diagram of at least one stage of the second

process of fabricating a semiconductor device after forming a source/drain region;

[0029] FIG. 17 is a third illustrative diagram of at least one stage of the second process
of fabricating the semiconductor device after a dielectric material is deposited and after

planarization is performed;

[0030] FIG. 18 is a fourth illustrative diagram of at least one stage of the second process

of fabricating the semiconductor device after exposing a portion of a sacrificial spacer;

[0031] FIG. 19 is a fifth illustrative diagram of at least one stage of the second process

of fabricating the semiconductor device after removing a sacrificial spacer;

[0032] FIG. 20 is a sixth illustrative diagram of at least one stage of the second process

of fabricating the semiconductor device after forming a third spacer material;

[0033] FIG. 21 is a seventh illustrative diagram of at least one stage of the second

process of fabricating the semiconductor device after planarization is performed;

[0034] FIG. 22 is an eighth illustrative diagram of at least one stage of the second

process of fabricating the semiconductor device after a dummy gate is removed;

[0035] FIG. 23 is a ninth illustrative diagram of at least one stage of the second process

of fabricating the semiconductor device after forming a gate;

[0036] FIG. 24 is a tenth illustrative diagram of at least one stage of the second process

of fabricating the semiconductor device after forming a cavity;
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[0037] FIG. 25 is an eleventh illustrative diagram of at least one stage of the second

process of fabricating the semiconductor device after forming a contact;

[0038] FIG. 26 is a first illustrative diagram of at least one stage of a third process of

fabricating a semiconductor device that includes a source/drain region that defines a

gap;

[0039] FIG. 27 is a second illustrative diagram of at least one stage of the third process

of fabricating the semiconductor device after a dummy gate is removed;

[0040] FIG. 28 is a third illustrative diagram of at least one stage of the third process of

fabricating the semiconductor device after forming a gate;

[0041] FIG. 29 is a fourth illustrative diagram of at least one stage of the third process

of fabricating the semiconductor device after forming a cavity;

[0042] FIG. 30 is a fifth illustrative diagram of at least one stage of the third process of

fabricating the semiconductor device after forming a contact;

[0043] FIG. 31 is a sixth illustrative diagram of at least one stage of the third process of

fabricating the semiconductor device after exposing a portion of a sacrificial spacer;

[0044] FIG. 32 is a seventh illustrative diagram of at least one stage of the third process

of fabricating the semiconductor device after removing the sacrificial spacer;

[0045] FIG. 33 is an eighth illustrative diagram of at least one stage of the first process
of fabricating the semiconductor device after forming a third spacer material and after

planarization is performed;

[0046] FIG. 34 is a flow diagram of an illustrative embodiment of a method of forming

the semiconductor device of FIGS. 1A-B;

[0047] FIG. 35 is a flow diagram of a first illustrative embodiment of a method of

forming the semiconductor device of FIG. 1B;

[0048] FIG. 36 is a flow diagram of a second illustrative embodiment of a method of

forming the semiconductor device of FIG. 1B;
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[0049] FIG. 37 is a flow diagram of an illustrative embodiment of a method of forming

the semiconductor device of FIG. 1A;

[0050] FIG. 38 is a block diagram of a device including the semiconductor device of

FIG. 1A or FIG. 1B; and

[0051] FIG. 39 is a data flow diagram of an illustrative embodiment of a manufacturing

process to fabricate a device including the semiconductor device of FIG. 1A or FIG. 1B.

VI.  Detailed Description

[0052] Particular embodiments of the present disclosure are described below with
reference to the drawings. In the description, common features are designated by

common reference numbers throughout the drawings.

[0053] Referring to FIG. 1A, a diagram of a semiconductor device 100 having a gap
defined therein is shown. The semiconductor device 100 may include or correspond to
a field-effect transistor (FET) device, such as a FinFET device that includes one or more
fins, a metal-oxide semiconductor (MOS) device, such as p-type metal-oxide-
semiconductor (pMOS) device or an n-type metal-oxide-semiconductor (nMOS) device,

as illustrative, non-limiting examples.

[0054] The semiconductor device 100 may include a substrate 106, one or more
source/drain regions 140, dielectric material 180 (e.g. a dielectric layer), one or more
contacts 184, a spacer 136, and a gate 150. The substrate 106 may be associated with
and/or formed from a wafer, such as a silicon wafer, as an illustrative, non-limiting
example. The substrate 106 may include a silicon (Si) substrate. The substrate 106 may

include a fin portion that is associated with a channel region of the semiconductor
device 100.

[0055] The gate 150 may be coupled to (e.g., in contact with) the substrate 106, such as
coupled to the fin portion of the substrate 106. The gate 150 may include a conformal
oxide layer (e.g., a high K (HiK) material), gate material (e.g., a metal), or a

combination thereof. The gate 150 may have a height hgaie. The height hgpe of the
gate 150 may be determined relative to a surface of the substrate 106. For example, the

height hgate of the gate 150 may be determined based on a distance from a top surface
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of the gate 150 to a bottom surface of the gate 150. The bottom surface of the gate 150
may be in contact with a surface of the substrate 106, such as a surface of a channel

region of the substrate 106.

[0056] Although the semiconductor device 100 is illustrated as having two source/drain
(S/D) regions 140, one of the source/drain regions 140 may be designated as a source
region and the other source/drain region 140 may be designated as a drain region. Each
of the source/drain regions 140 may be coupled to a corresponding contact 184. The
contact 184 may include a metal. Each contact 184 may be in contact with a
corresponding source/drain region 140. Alternatively or additionally, each contact 184
may be electrically coupled to a corresponding source/drain region 140 through one or

more structures, such as through a silicide.

[0057] A spacer 136 may be positioned between the gate 150 and the contact 184.
Although the spacer 136 is illustrated as a single spacer structure, the spacer 136 may
include one or more sub-structures, as described further herein with reference to FIG.
IB. The spacer 136 may include one or more materials, such as an oxide or a nitride
(e.g., a nitride including silicon (Si), carbon (C), boron (B), or a combination thereof),

as illustrative, non-limiting examples.

[0058] One or more components (e.g., one or more structures) of the semiconductor
device 100 may define the gap 120. For example, as illustrated in FIG. 1A, the spacer
136 and one or more source/drain regions 140 define the gap 120. Additionally, as

illustrated in FIG. 1B, the substrate 106 may also define the gap 120. The gap 120 may
have a height hg,,. The height hgqy of the gap 120 may be determined based on a

distance from a top boundary of the gap 120 to a bottom boundary of the gap 120. The
top boundary of the gap 120 may be established by a surface of the spacer 136. The
bottom boundary of the gap 120 may be established by a surface of the source/drain

region 140. The height hgyp, of the gap 120 is less than the height hgate of the gate 150.

[0059] During operation of the semiconductor device 100, the gate 150 and the contact
184 (e.g., source/drain electrodes) of the semiconductor device 100 may be biased in
accordance with operation of the semiconductor device 100. When the semiconductor

device 100 is in an on state, the gate 150 may activate a channel region to enable a
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carrier path from a first source/drain region 140 (e.g., a source region) to a second
source/drain region 140 (e.g., the drain region), such as a carrier path through the
substrate 106 (e.g., through a fin of the semiconductor device 100). When the
semiconductor device 100 is in an off state, the gate 150 may not activate the channel
region and the carrier path may not be enabled (e.g., the carrier path is disabled in a

subthreshold regime of operation).

[0060] By having the gap 120, such as an air-filled gap or a vacuum gap, the
semiconductor device 100 may advantageously include a reduced parasitic capacitance
(e.g., a gate capacitance) and an AC performance improvement as compared to FInFET
devices that have multiple fins and do not have a defined gap. Additionally, a FinFET
transistor delay time and/or a switch energy associated with the semiconductor device

100 may advantageously be reduced.

[0061] Referring to FIG. 1B, a diagram of a semiconductor device 100 having a gap
defined therein is shown. The semiconductor device 160 may include or correspond to
the semiconductor device 100 of FIG. 1A. For example, the semiconductor device 100
may include or correspond to a field-effect transistor (FET) device, such as a FinFET

device.

[0062] The spacer 136 may include one or more sub-structures, such a first spacer
structure 136a, a second spacer structure 136b, and a third spacer structure 136¢.
Although the spacer 136 is illustrated as including three sub-structures, the spacer 136

may include less than three sub-structures or more than three sub-structures.

[0063] The first spacer structure 136a may include an oxide or silicon nitride and the
second spacer structure 136b may include an oxide or silicon nitride, as illustrative, non-
limiting examples. A first spacer material of the first spacer structure 136a and a second
spacer material of the second spacer structure 136b may be the same material or may be
different materials. The third spacer structure 136 may include a third spacer material,
such as a nitride (e.g., a nitride including silicon (Si), carbon (C), boron (B), or a

combination thereof), as illustrative, non-limiting examples.

[0064] The height hgy,p, of the gap 120 may be determined based on a distance from a

top boundary of the gap 120 to a bottom boundary of the gap 120. The top boundary of
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the gap 120 may be established by a surface of the spacer 136, such as a surface of the
third spacer structure 136¢. The bottom boundary of the gap 120 may be established by

a surface of the source/drain region 140 and/or a surface of the substrate 106 (e.g., a

surface of a channel region of the substrate 106). The height hgqay of the gap 120 is less

than the height hgyee of the gate 150.

[0065] The semiconductor device 160 may operate in a similar manner as the
semiconductor device 100. The semiconductor device 160 may advantageously include
a reduced parasitic capacitance (e.g., a gate capacitance) and an AC performance
improvement as compared to FinFET devices that have multiple fins and that do not
have a defined gap. Additionally, a FinFET transistor delay time and/or a switch energy

associated with the semiconductor device 160 may advantageously be reduced.

[0066] Referring to FIG. 2, a first illustrative diagram of at least one stage of a first
process of fabricating a semiconductor device that includes a source/drain region that
defines a gap is depicted and generally designated 200. The semiconductor device, such
as a FInFET device, may correspond to the semiconductor device 100 of FIG. 1A. A
wafer 202 as depicted in FIG. 2 is illustrated after performing shallow trench isolation
(STTI) on the wafer 202 to form a fin. For example, the wafer 202 may be etched during
the STI to form the fin. The wafer 202 may include a substrate 106, such as a silicon
(Si) substrate, as an illustrative, non-limiting example. Accordingly, the fin may
include silicon (Si). Although a single fin is illustrated, the substrate 106 may include

more than one fin.

[0067] Referring to FIG. 3, a second illustrative diagram of at least one stage of the first
process of fabricating the semiconductor device after forming a hardmask on a dummy
gate is depicted and generally designated 300. A dummy gate 304 may be formed
above the wafer 202 (e.g., above the substrate 106). For example, the dummy gate 304
may be formed on at least a portion of the fin. To illustrate, the dummy gate 304 may
be deposited on the wafer 202 and on the substrate 106. The dummy gate 304 may
include amorphous silicon (a-Si) or polysilicon, as illustrative, non-limiting examples.
A hardmask 310 may be formed above the dummy gate 304. For example, the
hardmask 310 may be deposited on a surface (e.g., a top) of the dummy gate 304. The
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hardmask 310 may include an oxide.

[0068] Referring to FIG. 4, a third illustrative diagram of at least one stage of the first
process of fabricating the semiconductor device after forming a first spacer material is
depicted and generally designated 400. A first spacer structure 136a may be formed on
the dummy gate 304. For example, the first spacer structure 136a may be formed by
depositing a first spacer material on the dummy gate 304. The first spacer structure
136a may be deposited on a sidewall of the dummy gate 304, such that the first spacer
structure 136a is in contact with the dummy gate 304. The first spacer structure 136a
may be formed above the wafer 202 and above the substrate 106. The first spacer
structure 136a (e.g., the first spacer material) may include silicon nitride (SiN) or an
oxide. Etching may be performed as part of or in addition to formation of the first

spacer structure 136a.

[0069] Referring to FIG. 5, a third illustrative diagram of at least one stage of the first
process of fabricating the semiconductor device after forming a sacrificial spacer is
depicted and generally designated 500. A sacrificial spacer 522 may be conformally
formed on at least a portion of the first spacer structure 136a. The sacrificial spacer 522
may be formed above the wafer 202 and above the substrate 106. The sacrificial spacer
522 may include a material that includes carbon. A cross sectional thickness of the
sacrificial spacer 522 may be greater than a cross sectional thickness of the first spacer

structure 136a.

[0070] Etching may be performed as part of or in addition to formation of the sacrificial
spacer 522. For example, the sacrificial spacer 522 may be etched to expose a portion
of a surface of the first spacer structure 136a. Alternatively, after etching the sacrificial
spacer 522, the sacrificial spacer 522 may cover an entirety of the first spacer structure
136a.

[0071] Referring to FIG. 6, a fifth illustrative diagram of at least one stage of the first
process of fabricating the semiconductor device after forming a second spacer material
is depicted and generally designated 600. FIG. 6 also includes a cross section 650
through the fin of the semiconductor device. A second spacer structure 136b may be
formed on first spacer structure 136a and/or the sacrificial spacer 522. For example, a

second spacer material of the second spacer structure 136b may be deposited on the first
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spacer structure 136a and the sacrificial spacer 522, such that the second spacer
structure 136b is in contact with a portion of a surface of the first spacer structure 136a
and at least a portion of a surface of the sacrificial spacer 522. When the second spacer
structure 136b and the first spacer structure 136a are in contact, the first spacer structure
136a and the second spacer structure 136b may be referred to collectively as a spacer
136. The second spacer structure 136b may be formed above the wafer 202 and above
the substrate 106. Accordingly, the sacrificial spacer 522 may be positioned between

the first spacer structure 136a and the second spacer structure 136b.

[0072] The second spacer material of the second spacer structure 136b may include the
same material as the first spacer material of the first spacer structure 136a or may be a
different material than the first spacer material. For example, the second spacer material
may include silicon nitride (SiN) or an oxide. Etching may be performed as part of or in
addition to formation of the second spacer structure 136b. A cross sectional thickness
of the second spacer structure 136b may be less than a cross sectional thickness of the

sacrificial spacer 522.

[0073] Referring to FIG. 7, a sixth illustrative diagram of at least one stage of the first
process of fabricating the semiconductor device after removing a portion of a fin of the
semiconductor device is depicted and generally designated 700. FIG. 7 also includes a
cross section 750 through the fin of the semiconductor device. A portion of the
substrate 106, such as a portion of the fin, associated with a source/drain (S/D) region
may be removed. For example, the portion of the substrate 106 (e.g., the fin) may be
etched (e.g., recessed) that is associated with one or more S/D regions while another
portion of the substrate 106 associated with a channel region is not removed. After the
portion of the substrate 106 is etched, a surface of the portion of the substrate 106 may
be lower than a surface of the wafer 202. The removal of the portion of the substrate
106 may include removing a particular portion of the fin that is in contact with the
second spacer structure 136b. The removal of the particular portion of the fin that is in
contact with the second spacer structure 136b may expose a portion of the sacrificial
spacer 522. Additionally, another particular portion of the fin that is in contact with the
sacrificial spacer 522 may also be etched. The removal of the portion of the substrate

may establish an opening 712 through which the sacrificial spacer 522 may be removed.
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[0074] Referring to FIG. 8, a seventh illustrative diagram of at least one stage of the
first process of fabricating the semiconductor device after removing the sacrificial
spacer is depicted and generally designated 800. FIG. 8 also illustrates a cross section
850 through the fin of the semiconductor device. The sacrificial spacer 522 may be
removed using a chemical or reactive gas chemistry. For example, a hydrogen reaction
or a standard clean 1 type may be used to remove the sacrificial spacer 522 without
performing an etch operation. Removal of the sacrificial spacer 552 may not affect
(e.g., may not remove) the first spacer structure 136a or the second spacer structure
136b. Removal of the sacrificial spacer 522 may create a cavity 842 that is defined by
the first spacer structure 136a and the second spacer structure 136b. The cavity 842
may also be defined by the substrate 106 (e.g., the fin) and/or the wafer 202.

[0075] Referring to FIG. 9, an eighth illustrative diagram of at least one stage of the
first process of fabricating the semiconductor device after forming a source/drain region
is depicted and generally designated 900. FIG. 9 also illustrates a cross section 950
through the fin of the semiconductor device. A source/drain (SD) region 140 may be
formed (e.g., raised) above a recessed portion of the substrate 106 (e.g., the fin) and/or
above the wafer 202. For example, the source/drain (SD) region 140 may be epitaxially
deposited (e.g., epitaxially grown) on the portion of the substrate 106 (e.g., the fin). The
S/D region 140 may extend at least part way into the cavity 842 of FIG. 8 and may
block (e.g., close) the opening 712 through which the sacrificial spacer 522 was
removed. By closing the opening 712 through which the sacrificial spacer 522 was
removed, a gap 120 (e.g., an air-gap or a vacuum gap) may be defined by at least a
portion of the spacer 136 (e.g., the first spacer structure 136a and the second spacer
structure 136b). The gap 120 may further be defined by the wafer 202 and/or the S/D
region 140. Additionally or alternatively, the gap 120 may further be defined by the
substrate 106 (e.g., the fin).

[0076] Referring to FIG. 10, a ninth illustrative diagram of at least one stage of the first
process of fabricating the semiconductor device after a dielectric material is deposited
and after planarization is performed is depicted and generally designated 1000. FIG. 10
also illustrates a cross section 1050 through the fin of the semiconductor device. A
dielectric material 180 may be deposited above the wafer 202. For example, the

dielectric material 180 may include a silicon-containing material. After the dielectric
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material 180 is deposited, a chemical mechanical planarization (CMP) (e.g., a chemical
mechanical polish) may be performed to remove a portion of the dielectric material 180
and the hardmask 310. By removing the hardmask 310, the CMP may expose the
dummy gate 304, such as a top surface of the dummy gate 304.

[0077] Referring to FIG. 11, a tenth illustrative diagram of at least one stage of the first
process of fabricating the semiconductor device after the dummy gate is removed is
depicted and generally designated 1100. FIG. 11 also illustrates a cross section 1150
through the fin of the semiconductor device. The dummy gate 304 may be removed to
establish (e.g., form) a cavity 1144. For example, the dummy gate 304 may be etched
out to expose at least a portion of the substrate 106 (e.g., the fin) associated with a
channel region. The dummy gate 304 may be removed using a dry etch, a wet etch, or a

combination thereof.

[0078] Referring to FIG. 12, an eleventh illustrative diagram of at least one stage of the
first process of fabricating the semiconductor device after forming a gate is depicted and
generally designated 1200. FIG. 12 also illustrates a cross section 1250 through the fin
of the semiconductor device. A gate 150 may be formed (e.g., deposited) in the cavity
1144 of FIG. 11. For example, the gate 150 may be formed on (e.g., over) a portion of
the substrate 106 (e.g., the fin) that is exposed in the cavity 1144 of FIG. 11. The gate
150 may include a high-k material. Although illustrated as a single material layer, the
gate 150 may include one or more layers (e.g., one or more materials), such as an oxide
layer, a high-k gate dielectric, and/or a metal gate layer (e.g., a metal gate material), as

illustrative, non-limiting embodiments.

[0079] Referring to FIG. 13, a twelfth illustrative diagram of at least one stage of the
first process of fabricating the semiconductor device after forming a cavity is depicted
and generally designated 1300. FIG. 13 also illustrates a cross section 1350 through the
fin of the semiconductor device. Contact patterning may be performed to create a cavity
1346. For example, an etch process may be used to create the cavity 1346 (e.g., a
trench) and to expose a portion (e.g. a surface) of the S/D region 140. The cavity 1346
may not expose a portion of the spacer 136, such as a surface of the second spacer

structure 136b.

[0080] Referring to FIG. 14, a thirteenth illustrative diagram of at least one stage of the
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first process of fabricating the semiconductor device after forming a contact is depicted
and generally designated 1400. FIG. 14 also illustrates a cross section 1450 through a
line A-A of the semiconductor device. A contact 184 may be formed in the cavity 1346
of FIG. 13. In a particular embodiment, the contact 184 does not touch the spacer 136.
The contact 184 may include a metal material. The semiconductor device of FIG. 14

may include or correspond to the semiconductor device 100 of FIG. 1A.

[0081] The semiconductor device may advantageously include the spacer 136 that
defines the gap 120. The gap 120 may reduce a parasitic capacitance (e.g., a gate
capacitance, such as a capacitance between the gate 150 and the contact 184).
Additionally, the gap 120 may provide an AC performance improvement as compared

to FinFET devices that do not have a defined gap.

[0082] Referring to FIG. 15, a first illustrative diagram of at least one stage of a second
process of fabricating a semiconductor device after removing a portion of a fin of the
semiconductor device is depicted and generally designated 1500. FIG. 15 also
illustrates a cross section 1550 through a fin of the semiconductor device. A portion of
the substrate 106 (e.g., a portion of the fin) associated with a source/drain (S/D) region
may be removed. For example, the portion of the substrate 106 may be etched (e.g.,
recessed) that is associated with one or more S/D regions while another portion of the
fin associated with a channel region is not removed. After the portion of the substrate
106 is etched, a portion of a second spacer structure 136b and a portion of a sacrificial
spacer 522 may be exposed. The semiconductor device of FIG. 15 may include or
correspond to the semiconductor device as illustrated in FIG. 7. For example, the
diagram 1500 of at least one stage of the second process may be preceded by one or
more stages, such as one or more stages of a process as illustrated with reference to

FIGS. 2-6.

[0083] Referring to FIG. 16, a second illustrative diagram of at least one stage of the
second process of fabricating the semiconductor device after forming a source/drain
region is performed is depicted and generally designated 1600. FIG. 16 also illustrates a
cross section 1650 through the fin of the semiconductor device. A source/drain (SD)
region 140 may be formed (e.g., raised) above a recessed portion of the substrate 106

and/or above the wafer 202. For example, the source/drain (SD) region 140 may be
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epitaxially deposited (e.g., epitaxially grown) on the portion of the substrate 106. The
S/D region 140 may be in contact with the sacrificial spacer 522 and/or the spacer 136

(e.g., a second spacer structure 136b).

[0084] Referring to FIG. 17, a third illustrative diagram of at least one stage of the
second process of fabricating the semiconductor device after a dielectric material is
deposited and after planarization is performed is depicted and generally designated
1700. FIG. 17 also illustrates a cross section 1750 through the fin of the semiconductor
device. A dielectric material 180 may be deposited above the wafer 202. For example,
the dielectric material 180 may include a silicon-containing material. After the
dielectric material 180 is deposited, a chemical mechanical planarization (CMP) (e.g., a
chemical mechanical polish) may be performed to remove a portion of the dielectric
material 180 and the hardmask 310. By removing the hardmask 310, the CMP may
expose the dummy gate 304, such as a surface of the dummy gate 304. Additionally or
alternatively, the CMP may expose a surface of the spacer 136 (e.g., a first spacer

structure 136a and/or a second spacer structure 136b).

[0085] Referring to FIG. 18, a fourth illustrative diagram of at least one stage of the
second process of fabricating the semiconductor after exposing a portion of the
sacrificial spacer is depicted and generally designated 1800. FIG. 18 also illustrates a
cross section 1850 through the fin of the semiconductor device. A portion of the spacer
136 (including the first spacer structure 136a and/or the second spacer structure 136b)
may be removed to expose a portion of the sacrificial spacer 522. For example, the
portion of the spacer 136 may be etched to expose a surface of the sacrificial spacer 522.
Removing the portion of the spacer 136 may create a cavity 1842. The cavity 1842 may
be defined by the dummy gate 304, the first spacer structure 136a, the sacrificial spacer
522, the second spacer structure 136b, the dielectric material 180, or a combination
thereof. After the portion of the spacer 136 is removed to expose the sacrificial spacer
522, a portion of the first spacer structure 136a that is positioned between the sacrificial
spacer 522 and the dummy gate 304 may be exposed. Additionally, after the portion of
the spacer 136 is removed to expose the sacrificial spacer 522, a portion of the second
spacer structure 136b that is positioned between the sacrificial spacer 522 and the
dielectric material 180 may be exposed. The cavity 1842 may have an opening 1812

through which the sacrificial spacer 522 may be removed.
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[0086] Referring to FIG. 19, a fifth illustrative diagram of at least one stage of the
second process of fabricating the semiconductor device after removing a sacrificial
spacer is depicted and generally designated 1900. FIG. 19 also illustrates a cross
section 1950 through the fin of the semiconductor device. The sacrificial spacer 522
may be removed using a chemical or reactive gas chemistry. For example, a hydrogen
reaction or a standard clean 1 type may be used to remove the sacrificial spacer 522
without performing an etch operation. The sacrificial spacer 522 may be removed
through the opening 1812 of FIG. 18. Removal of the sacrificial spacer 552 may not
affect (e.g., may not remove) the first spacer structure 136a or the second spacer
structure 136b. Removal of the sacrificial spacer 522 may extend the cavity 1842 such
that the cavity 1842 is defined by the substrate 106 (e.g., the fin) and/or the S/D region
140.

[0087] Referring to FIG. 20, a sixth illustrative diagram of at least one stage of the
second process of fabricating the semiconductor device after forming a third spacer
material is depicted and generally designated 2000. FIG. 20 also includes a cross
section 2050 through the fin of the semiconductor device. A third spacer structure 136¢
may be formed on the semiconductor device. For example, the third spacer structure
136¢ may be non-conformally deposited on the semiconductor device. The third spacer
structure 136¢c may extend at least part way into the cavity 1842 of FIG. 19 and may
block (e.g., close) the opening 1812 through which the sacrificial spacer 522 was
removed. By closing the opening 1812 through which the sacrificial spacer 522 was
removed, a gap 120 (e.g., an air-gap or a vacuum gap) may be defined by at least a
portion of the third spacer structure 136c, the first spacer structure 136a, and/or the
second spacer structure 136b. The gap 120 may further be defined by the wafer 202, the
substrate 106, and/or the S/D region 140. Additionally or alternatively, the gap 120
may further be defined by the fin.

[0088] The third spacer structure 136¢ may include a third spacer material, such as
silicon nitride or another nitride, such as a nitride that includes carbon (C) or boron (B),
as illustrative, non-limiting examples. The third spacer material may be the same
material or a different material than the first spacer material of the first spacer structure
136a and/or the second spacer material of the second spacer structure 136b. The third

spacer structure 136¢ may be configured to operate as a cap or a seal to establish and
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define the gap 120.

[0089] Referring to FIG. 21, a seventh illustrative diagram of at least one stage of the
second process of fabricating the semiconductor device after planarization is performed
is depicted and generally designated 2100. FIG. 21 also illustrates a cross section 2150
through the fin of the semiconductor device. A chemical mechanical planarization
(CMP) (e.g., a chemical mechanical polish) may be performed to remove a portion of
the third spacer structure 136¢ and thus establish the spacer 136 which includes the first
spacer structure 136a, the second spacer structure 136b, and the third spacer structure
136¢. By removing the portion of the third spacer structure 136¢, the CMP may expose
the dummy gate 304, such as a surface of the dummy gate 304. Additionally or
alternatively, by removing the portion of the third spacer structure 136¢, the CMP may

expose a surface of the dielectric material.

[0090] Referring to FIG. 22, an eighth illustrative diagram of at least one stage of the
second process of fabricating the semiconductor device after a dummy gate is removed
is depicted and generally designated 2200. FIG. 22 also illustrates a cross section 2250
through the fin of the semiconductor device. The dummy gate 304 may be removed to
establish a cavity 2244. For example, the dummy gate 304 may be etched out to expose
at least a portion of the substrate 106 (e.g., the fin) associated with a channel region.
The dummy gate 304 may be removed using a dry etch, a wet etch, or a combination

thereof.

[0091] Referring to FIG. 23, a ninth illustrative diagram of at least one stage of the
second process of fabricating the semiconductor device after forming a gate is depicted
and generally designated 2300. FIG. 23 also illustrates a cross section 2350 through the
fin of the semiconductor device. A gate 150 may be formed (e.g., deposited) in the
cavity 2244 of FIG. 22. For example, the gate 150 may be formed on (e.g., over) a
portion of the substrate 106 (e.g., the fin) that is exposed in the cavity 2244 of FIG. 22.
The gate 150 may include a high-k material. The gate 150 may include one or more
layers (e.g., one or more materials), such as an oxide layer, a high-k gate dielectric,
and/or a metal gate layer (e.g., a metal gate material), as illustrative, non-limiting

embodiments.

[0092] Referring to FIG. 24, a tenth illustrative diagram of at least one stage of the
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second process of fabricating the semiconductor device after forming a cavity is
depicted and generally designated 2400. FIG. 24 also illustrates a cross section 2450
through the fin of the semiconductor device. Contact patterning may be performed to
create a cavity 2446. For example, an etch process may be used to create the cavity
2446 (e.g., a trench) and to expose a portion (e.g. a surface) of the S/D region 140. In a
particular embodiment, the cavity 2446 does not expose a portion of the spacer 136,

such as a surface of the second spacer structure 136b or the third spacer structure 136c¢.

[0093] Referring to FIG. 25, an eleventh illustrative diagram of at least one stage of the
second process of fabricating the semiconductor device after forming a contact is
depicted and generally designated 2500. FIG. 25 also illustrates a cross section 2550
through a line B-B of the semiconductor device. A contact 184 may be formed in the
cavity 2446 of FIG. 24. The contact 184 may not touch the spacer 136. The contact
184 may be a metal material. The semiconductor device of FIG. 25 may include or

correspond to the semiconductor device 160 of FIG. 1B.

[0094] The semiconductor device may advantageously include the spacer 136 that
defines the gap 120. The gap 120 may reduce a parasitic capacitance (e.g., a gate
capacitance, such as a capacitance between the gate 150 and the contact 184).
Additionally, the gap 120 may provide an AC performance improvement as compared

to FinFET devices that do not have a defined gap.

[0095] Referring to FIG. 26, a first illustrative diagram of at least one stage of a third
process of fabricating a semiconductor device after a dielectric material is deposited and
after planarization is performed is depicted and generally designated 2600. FIG. 26 also
illustrates a cross section 2650 through a fin of the semiconductor device. A dielectric
material 180 may be deposited above the wafer 202. For example, the dielectric
material 180 may include a silicon-containing material. After the dielectric material 180
is deposited, a chemical mechanical planarization (CMP) (e.g., a chemical mechanical
polish) may be performed to remove a portion of the dielectric material 180 and the
hardmask 310. By removing the hardmask 310, the CMP may expose the dummy gate
304, such as a surface of the dummy gate 304. Additionally or alternatively, the CMP
may expose a surface of the spacer 136 (e.g., a first spacer structure 136a and/or a

second spacer structure 136b).
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[0096] Referring to FIG. 27, a second illustrative diagram of at least one stage of the
third process of fabricating the semiconductor device after a dummy gate is removed is
depicted and generally designated 2700. FIG. 27 also illustrates a cross section 2750
through the fin of the semiconductor device. The dummy gate 304 may be removed to
establish a cavity 2744. For example, the dummy gate 304 may be etched out to expose
at least a portion of the substrate 106 (e.g., the fin) associated with a channel region.
The dummy gate 304 may be removed using a dry etch, a wet etch, or a combination

thereof.

[0097] Referring to FIG. 28, a third illustrative diagram of at least one stage of the third
process of fabricating the semiconductor device after forming a gate is depicted and
generally designated 2800. FIG. 28 also illustrates a cross section 2850 through the fin
of the semiconductor device. A gate 150 may be formed (e.g., deposited) in the cavity
2744 of FIG. 27. For example, the gate 150 may be formed on (e.g., over) a portion of
the substrate 106 (e.g., the fin) that is exposed in the cavity 2744 of FIG. 27. The gate
150 may include a high-k material. The gate 150 may include one or more layers (e.g.,
one or more materials), such as an oxide layer, a high-k gate dielectric, and/or a metal

gate layer (e.g., a metal gate material), as illustrative, non-limiting embodiments.

[0098] Referring to FIG. 29, a third illustrative diagram of at least one stage of the third
process of fabricating the semiconductor after forming a cavity is depicted and generally
designated 2900. FIG. 29 also illustrates a cross section 2950 through the fin of the
semiconductor device. Contact patterning may be performed to create a cavity 2946.
For example, an etch process may be used to create the cavity 2946 (e.g., a trench) and
to expose a portion (e.g. a surface) of the S/D region 140. In a particular embodiment,
the cavity 2946 does not expose a portion of the spacer 136, such as a surface of the

second spacer structure 136Db.

[0099] Referring to FIG. 30, a fifth illustrative diagram of at least one stage of the third
process of fabricating the semiconductor device forming a contact is depicted and
generally designated 3000. FIG. 30 also illustrates a cross section 3050 through the fin
of the semiconductor device. A contact 184 may be formed in the cavity 2946 of FIG.
29. In a particular embodiment, the contact 184 does not touch the spacer 136. The

contact 184 may be a metal material.
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[00100] Referring to FIG. 31, a sixth illustrative diagram of at least one stage of the third
process of fabricating the semiconductor device after exposing a portion of the
sacrificial spacer is depicted and generally designated 3100. FIG. 31 also includes a
cross section 3150 through the fin of the semiconductor device. A portion of the spacer
136 (including the first spacer structure 136a and the second spacer structure 136b) may
be removed to expose a portion of the sacrificial spacer 522. For example, the portion
of the spacer 136 may be etched to expose a surface of the sacrificial spacer 522.
Removing the portion of the spacer 136 may create a cavity 3142. The cavity 1842 may
be defined by the gate 150, the first spacer structure 136a, the sacrificial spacer 522, the
second spacer structure 136b, the diclectric material 180, or a combination thereof.
After the portion of the spacer 136 is removed to expose the sacrificial spacer 522, a
portion of the first spacer structure 136a that is positioned between the sacrificial spacer
522 and the gate 150 may be exposed. Additionally, after the portion of the spacer 136
is removed to expose the sacrificial spacer 522, a portion of the second spacer structure
136b that is positioned between the sacrificial spacer 522 and the dielectric material 180
may be exposed. The cavity 3142 may be associated with an opening 3112 through

which the sacrificial spacer 522 may be removed.

[00101] Referring to FIG. 32, a seventh illustrative diagram of at least one stage of the
third process of fabricating the semiconductor device after removing a sacrificial spacer
is depicted and generally designated 3200. FIG. 32 also illustrates a cross section 3250
through the fin of the semiconductor device. The sacrificial spacer 522 may be removed
using a chemical or reactive gas chemistry. For example, a hydrogen reaction or a
standard clean 1 type may be used to remove the sacrificial spacer 522 without
performing an etch operation. Removal of the sacrificial spacer 552 may not affect
(e.g., remove) the first spacer structure 136a or the second spacer structure 136b.
Removal of the sacrificial spacer 522 may extend the cavity 3142 such that the cavity
3142 is defined by the substrate 106 (e.g., the fin) and/or the S/D region 140.

[00102] Referring to FIG. 33, an eighth illustrative diagram of at least one stage of the
third process of fabricating the semiconductor device after forming a third spacer
material and after planarization is performed is depicted and generally designated 3300.
FIG. 33 also illustrates a cross section 3350 through a line C-C of the semiconductor

device. A third spacer structure 136¢ may be formed on the semiconductor device. For
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example, the third spacer structure 136¢ may be non-conformally deposited on the
semiconductor device. The third spacer structure 136¢ may extend at least part way into
the cavity 3142 of FIG. 32 and may block (e.g., close) the opening 3112 through which
the sacrificial spacer 522 was removed. By closing the opening 3112, a gap 120 (e.g.,
an air-gap or a vacuum gap) may be defined by the third spacer structure 136¢, the first
spacer structure 136a, and/or the second spacer structure 136b. The gap 120 may
further be defined by the wafer 202, the substrate 106), and/or the S/D region 140.
Additionally or alternatively, the gap 120 may further be defined by the fin.

[00103] In a particular embodiment, the third spacer structure 136¢ includes silicon
nitride or another nitride, such as a nitride that includes carbon or boron. The third
spacer structure 136¢ may be the same material or a different material than the first
spacer structure 136a and/or the second spacer structure 136b. The third spacer
structure 136¢ may be configured to operate as a cap or a seal to establish and define the
gap 120. The semiconductor device of FIG. 32 may include or correspond to the

semiconductor device 160 of FIG. 1B.

[00104] The semiconductor device may advantageously include the spacer 136 that
defines the gap 120. The gap 120 may reduce a parasitic capacitance (e.g., a gate
capacitance, such as a capacitance between the gate 150 and the contact 184).
Additionally, the gap 120 may provide an AC performance improvement as compared

to FinFET devices that do not have a defined gap.

[00105] Referring to FIG. 34, a flow diagram of a first illustrative embodiment of a
method 3400 of forming a semiconductor device is depicted. The semiconductor may
include a field-effect transistor (FET), such as a FInFET that includes one or more fins,
or a metal-oxide-semiconductor (MOS), such as a p-type metal-oxide-semiconductor
(pMOS) or an n-type metal-oxide-semiconductor (nMOS) device, as illustrative, non-
limiting examples. For example, the semiconductor device may include the
semiconductor device 100 of FIG. 1A, the semiconductor device 160 of FIG. 1B, a
semiconductor device formed according to the process illustrated by FIGS. 2-14, a
semiconductor device formed according to the process illustrated by FIGS. 15-25, ora

semiconductor device formed according to the process illustrated by FIGS. 26-33.

[00106] The method 3400 includes forming a first spacer structure on a dummy gate of a
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semiconductor device, at 3402. The first spacer structure may include an oxide or a
nitride. The dummy gate may be formed on a substrate of the semiconductor device.
For example, the first spacer structure may include or correspond to the spacer 136 of
FIGS. 1A-1B or the first spacer structure 136a of FIG. 1B and FIG. 4, or a combination
thereof. The dummy gate may include or correspond to the dummy gate 304 of FIG. 3.

[00107] The method 3400 further includes forming a sacrificial spacer on the first spacer
material, at 3404. The sacrificial spacer may include or correspond to the sacrificial

spacer 522 of FIG. 5.

[00108] The method 3400 further includes etching a structure to create an opening, at
3406. The structure may be in contact with (e.g., adjacent to) the sacrificial spacer.
Etching the structure may expose a portion of the sacrificial spacer. The structure may
include a substrate (e.g., a fin portion of the substrate), such as the substrate 106 of
FIGS. 1A-1B, or the structure may include the first spacer structure and/or a second
spacer structure. The second spacer structure may include or correspond to the spacer
136 of FIGS. 1A-1B or the second spacer structure 136b of FIG. 1B and FIG. 6, or a
combination thereof. The opening may correspond to the opening 712 of FIG. 7, the
opening 1812 of FIG. 18, or the opening 3112 of FIG. 31.

[00109] The method 3400 further includes removing the sacrificial spacer via the
opening and depositing a material to close the opening to define a gap, at 3408. The
sacrificial spacer 522 may be removed using a chemical or reactive gas chemistry. For
example, a hydrogen reaction or a standard clean 1 type may be used to remove the
sacrificial spacer 522 without performing an etch operation. The material may be
deposited by being epitaxially grown, such as epitaxially grown on a substrate. The
material may include a source/drain material of the source/drain region 140 of FIGS.
1A-B or a material of a third spacer structure 136¢ of FIG. 1B. The gap may include or
correspond to the gap 120 of FIGS. 1A-B. The gap may be defined by a portion of a
source/drain region of the semiconductor device, such as the source/drain region 140 of
FIGS. 1A-B. The gap may be positioned between a gate of the semiconductor device
and a contact coupled to the source/drain region. The gap may reduce a parasitic

capacitance associated with the semiconductor device.

[00110] In a particular embodiment, a second spacer structure may be formed on the
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sacrificial spacer. For example, the second spacer structure may be formed on a portion
of the first spacer structure. A spacer (e.g., the spacer 136 of FIG. 1B) of the
semiconductor device comprises at least the first spacer structure and the second spacer
structure. The first spacer structure and the second spacer structure may include the
same material. A portion of the material may be positioned between the first spacer
structure and the second spacer structure. The first spacer structure and the second

spacer structure may define the gap.

[00111] In another particular embodiment, the method 3400 may include establishing the
opening. The opening may be created by removing a portion of a substrate, such as a
portion of a fin of the semiconductor device (e.g., the opening 712 of FIG. 7).
Alternatively, the opening may be created by removing a portion the first spacer
structure, a portion of a second spacer structure, a portion of the sacrificial spacer, or a
combination thereof (e.g., the opening 1812 of FIG. 18 or the opening 3112 of FIG. 31).
For example, the opening by be defined by the first spacer structure, a second spacer
structure, a dielectric layer, the dummy gate, or a combination thereof. As another
example, the opening may be defined by the first spacer structure, a second spacer

structure, a dielectric layer, a gate, or a combination thereof.

[00112] In another particular embodiment, the dummy gate may be removed to create a
cavity, such as the cavity 1144 of FIG. 11, the cavity 2244 of FIG. 22, or the cavity
2744 of FI1G. 27. For example, the dummy gate may be removed prior to removing the
sacrificial spacer. As another example, the sacrificial spacer may be removed prior to
removing the dummy gate. A gate may be formed in the cavity, such as the gate 150 of
FIGS. 1A-B. The gate may be coupled to a channel region of the substrate, such as a
channel included in a fin of the semiconductor device. The gate may include a high K
material. A contact, such as the contact 148 of FIGS. 1A-B, may be formed subsequent
to forming the gate. The contact may be electrically coupled to a source/drain region of

the semiconductor device.

[00113] In a particular embodiment, the source/drain region is formed on a substrate of
the semiconductor device and a dielectric layer, such as the dielectric material 180 of
FIGS. 1A-B, is deposited on the source/drain region. A portion of the dielectric layer
may be removed to create a cavity, such as the cavity 1346 of FIG. 13, the cavity 2446
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of FIG. 24, or the cavity 2946 of FIG. 29, and the contact may be formed in the cavity.
For example, the contact may be formed prior to removing the sacrificial spacer. As

another example, the contact may be formed prior to removing the sacrificial spacer.

[00114] The method 3400 may be used to define a gap positioned between a gate and
contact of a semiconductor device. The gap may reduce a parasitic capacitance (e.g., a
gate capacitance, such as a capacitance between the gate and the contact). Additionally,
the gap may provide an AC performance improvement as compared to a semiconductor

device that does not have a defined gap.

[00115] Referring to FIG. 35, a flow diagram of an illustrative embodiment of a method
3500 of forming a semiconductor device. For example, the semiconductor device may
include the semiconductor device 160 of FIG. 1B or a semiconductor device formed

according to the process illustrated by FIGS. 26-33.

[00116] The method 3500 may include performing shallow trench isolation on a
substrate, at 3502. For example, the substrate may include or correspond to the

substrate 106 of FIG. 1B, the wafer 202 of FIG. 2, or a combination thereof.

[00117] The method 3500 may further include forming a dummy gate over a portion of
the substrate and forming a hardmask on the dummy gate, at 3504. The dummy gate
and the hardmask may include or correspond to the dummy gate 304 and the hardmask

310 of FIG. 3, respectively.

[00118] The method 3500 may also include depositing a first spacer material on the
dummy gate, at 3506. The first spacer material may be deposited directly on and/or
may be in contact with the dummy gate. The first spacer material may include or

correspond to the spacer 136 (e.g., the first spacer structure 136a) of FIG. 1B.

[00119] The method 3500 may further include depositing a sacrificial spacer on the first
spacer material, at 3508. The sacrificial spacer may be deposited directly on and/or may
be in contact with the first spacer material. The sacrificial spacer may include or

correspond to the sacrificial spacer 522 of FIG. 5.

[00120] The method 3500 may also include depositing a second spacer material on the

sacrificial spacer, at 3510. The second spacer may be deposited directly on and/or may
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be in contact with the first spacer material, the sacrificial spacer, or a combination
thereof. The second spacer may include or correspond to the spacer 136 (e.g., the
second spacer structure 136b) of FIG. 1B. An etch process may be performed after the

second spacer material is deposited.

[00121] The method 3500 may further include removing a portion of the substrate, at
3512. The portion of the substrate that is removed may correspond to a source/drain
region of the semiconductor device. Additionally or alternatively, the portion of the
substrate that is removed may include or correspond to a portion of a fin of the

substrate.

[00122] The method 3500 may also include forming a source/drain region and depositing
a dielectric material, at 3514. The source/drain region and the dielectric material may
include or correspond to the source/drain region 140 of FIG. 1B and the dielectric
material 180 of FIG. 1B, respectively. After the dielectric material is deposited, a
chemical mechanical planarization (CMP) process (e.g., a chemical mechanical polish)
may be performed to remove a portion of the dielectric material and the hardmask. By
removing the hardmask, the CMP may expose the dummy gate, such as a surface of the

dummy gate.

[00123] The method 3500 may further include removing the dummy gate to establish a
cavity, at 3516, and forming a gate in the cavity, at 3518. The cavity may include or
correspond to the cavity 2744 of FIG. 27. The gate may include or correspond to the
gate 150 of FIG. 1B.

[00124] The method 3500 may also include forming a contact, at 3520. To form the
contact, a portion of the dielectric material may be removed to form a cavity (e.g., a
trench), such as the cavity 2946 of FIG. 29, and the contact may be formed in the cavity.

The contact may include or correspond to the contact 184 of FIG. 1B.

[00125] The method 3500 may further include exposing a portion of the sacrificial
spacer, at 3522, and removing the sacrificial spacer, at 3524. The sacrificial spacer may
be exposed by removing a portion of a spacer (including the first spacer material and the
second spacer material). For example, removing the portion of the spacer may include

removing a portion of the first spacer material, a portion of the second spacer material,
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or a combination thereof. Removal of the portion of the spacer may establish an
opening, such as the opening 3112 of FIG. 31, through which the sacrificial spacer may

be removed.

[00126] The method 3500 may also include depositing a third spacer material, at 3526.
The third spacer material may be deposited to close (e.g., fill) the opening. Closing the
opening may define a gap, such as an air-gap or a vacuum gap. The gap may include or
correspond to the gap 120 of FIG. 1B. The third spacer material may include or
correspond to the third spacer structure 136¢. After the third spacer material is
deposited, a CMP process may be performed to remove a portion of the third spacer

material.

[00127] The method 3500 may be used to define a gap positioned between a gate and
contact of a semiconductor device. The gap may reduce a parasitic capacitance (e.g., a
gate capacitance, such as a capacitance between the gate and the contact). Additionally,
the gap may provide an AC performance improvement as compared to a semiconductor

device that does not have a defined gap.

[00128] Referring to FIG. 36, a flow diagram of an illustrative embodiment of a method
3600 of forming a semiconductor device is depicted. For example, the semiconductor
device may include the semiconductor device 160 of FIG. 1B or a semiconductor device

formed according to the process illustrated by FIGS. 15-25.

[00129] The method 3600 may include forming a source/drain region and depositing a
dielectric material, at 3602. The source/drain region and the dielectric material may
include or correspond to the source/drain region 140 of FIG. 1B and the dielectric
material 180 of FIG. 1B, respectively. After the dielectric material is deposited, a
chemical mechanical planarization (CMP) process (e.g., a chemical mechanical polish)
may be performed to remove a portion of the dielectric material and the hardmask. By
removing the hardmask, the CMP may expose a dummy gate, such as a surface of the
dummy gate. Alternatively or additionally, the CMP process may expose a spacer, such
as a surface of a spacer formed by a first spacer material and a second spacer material.
The first spacer material and the second spacer material may include or correspond to
the first spacer structure 136a and the second spacer structure 136b of FIG. 1B,

respectively.
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[00130] The method 3600 may further include exposing a portion of a sacrificial spacer,
at 3604, and removing the sacrificial spacer, at 3606. The sacrificial spacer may be
exposed by removing a portion of a spacer (including the first spacer material and
second spacer material). For example, removing the portion of the spacer may include
removing a portion of the first spacer material, a portion of the second spacer material,
or a combination thereof. Removal of the portion of the spacer may establish an
opening, such as the opening 1812 of FIG. 18, through which the sacrificial spacer may

be removed.

[00131] The method 3600 may also include depositing a third spacer material, at 3608.
The third spacer material may be deposited to close (e.g., fill) the opening. Closing the
opening may define a gap, such as an air-gap or a vacuum gap. The gap may include or
correspond to the gap 120 of FIG. 1B. The third spacer material may include or
correspond to the third spacer structure 136¢ of FIG. 1B. After the third spacer material
is deposited, a CMP process may be performed to remove a portion of the third spacer

material.

[00132] The method 3600 may also include removing a dummy gate to establish a
cavity, at 3610, and forming a gate in the cavity, at 3612. The cavity may include or
correspond to the cavity 2244 of FIG. 22. The gate may include or correspond to the
gate 150 of FIG. 1B.

[00133] The method 3600 may further include forming a contact, at 3614. To form the
contact, a portion of the dielectric material may be removed to form a cavity (e.g., a
trench), such as the cavity 2446 of FIG. 24, and the contact may be formed in the cavity.

The contact may include or correspond to the contact 184 of FIG. 1B.

[00134] The method 3600 may be used to define a gap positioned between a gate and
contact of a semiconductor device. The gap may reduce a parasitic capacitance (e.g., a
gate capacitance, such as a capacitance between the gate and the contact). Additionally,
the gap may provide an AC performance improvement as compare to a semiconductor

device that does not have a defined gap.

[00135] Referring to FIG. 37, a flow diagram of an illustrative embodiment of a method

3700 of forming a semiconductor device is depicted. For example, the semiconductor
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device may include the semiconductor device 100 of FIG. 1A or a semiconductor device

formed according to the process illustrated by FIGS. 2-14.

[00136] The method 3700 may include removing a sacrificial spacer via an opening, at
3702. The sacrificial spacer may include or correspond to the sacrificial spacer 522 of

FIG. 5. The opening may include or correspond to the opening 712 of FIG. 7.

[00137] The method 3700 may further include forming a source/drain region and
depositing a dielectric material, at 3704. The source/drain region may be formed by
epitaxially growing a source/drain material. Forming the source/drain region may close
the opening and define a gap, such as an air-gap or a vacuum gap. The source/drain
region and the dielectric material may include or correspond to the source/drain region
140 of FIG. 1A and the diclectric material 180 of FIG. 1A, respectively. After the
dielectric material is deposited, a chemical mechanical planarization (CMP) process
(e.g., a chemical mechanical polish) may be performed to remove a portion of the
dielectric material and the hardmask. By removing the hardmask, the CMP may expose

the dummy gate, such as a surface of the dummy gate.

[00138] The method 3700 may also include removing a dummy gate to establish a
cavity, at 3706, and forming a gate in the cavity, at 3708. The cavity may include or
correspond to the cavity 1144 of FIG. 11. The gate may include or correspond to the
gate 150 of FIG. 1A.

[00139] The method 3700 may further include forming a contact, at 3710. To form the
contact, a portion of the dielectric material may be removed to form a cavity (e.g., a
trench), such as the cavity 1346 of FIG. 13, and the contact may be formed in the cavity.
The contact may include or correspond to the contact 184 of FIG. 1A.

[00140] The method 3700 may be used to define a gap positioned between a gate and
contact of a semiconductor device. The gap may reduce a parasitic capacitance (e.g., a
gate capacitance, such as a capacitance between the gate and the contact). Additionally,
the gap may provide an AC performance improvement as compared to a semiconductor

device that does not have a defined gap.

[00141] The methods of FIGS. 34-37 may be implemented by a field-programmable gate
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array (FPGA) device, an application-specific integrated circuit (ASIC), a processing
unit such as a central processing unit (CPU), a digital signal processor (DSP), a
controller, another hardware device, firmware device, or any combination thereof. As
an example, the methods of FIG. 34-37 can be performed by one or more processors

that execute instructions to control fabrication equipment.

[00142] Referring to FIG. 38, a block diagram of a particular illustrative embodiment of
a wireless communication device 3800 is depicted. The device 3800 may include the
semiconductor device 100 of FIG. 1A, the semiconductor device 160 of FIG. 1B, a
semiconductor device formed according to the process illustrated by FIGS. 2-14, a
semiconductor device formed according to the process illustrated by FIGS. 15-25, a
semiconductor device formed according to the process illustrated by FIGS. 26-33, a
semiconductor device formed using at least one of the methods of FIGS. 34-37, or a

combination thereof.

[00143] The device 3800 includes a processor 3810, such as a digital signal processor
(DSP), coupled to a memory 3832. The processor 3810 may include a semiconductor
device 3864. For example, the semiconductor device 3864 may be the semiconductor
device 100 of FIG. 1A, the semiconductor device 160 of FIG. 1B, a semiconductor
device formed according to the process illustrated by FIGS. 2-14, a semiconductor
device formed according to the process illustrated by FIGS. 15-25, a semiconductor
device formed according to the process illustrated by FIGS. 26-33, a semiconductor
device formed using at least one of the methods of FIGS. 34-37, or a combination

thereof.

[00144] The memory 3832 includes instructions 3868 (e.g., executable instructions) such
as computer-readable instructions or processor-readable instructions. The instructions
3868 may include one or more instructions that are executable by a computer, such as

the processor 3810.

[00145] FIG. 38 also shows a display controller 3826 that is coupled to the processor
3810 and to a display 3828. A coder/decoder (CODEC) 3834 can also be coupled to the
processor 3810. A speaker 3836 and a microphone 3838 can be coupled to the CODEC
3834,
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[00146] FIG. 38 also indicates that a wireless interface 3840, such as a wircless
controller, can be coupled to the processor 3810 and to an antenna 3842. In a particular
embodiment, the processor 3810, the display controller 3826, the memory 3832, the
CODEC 3834, and the wireless interface 3840 are included in a system-in-package or
system-on-chip device 3822. In a particular embodiment, an input device 3830 and a
power supply 3844 are coupled to the system-on-chip device 3822. Moreover, in a
particular embodiment, as illustrated in FIG. 38, the display 3828, the input device
3830, the speaker 3836, the microphone 3838, the antenna 3842, and the power supply
3844 are external to the system-on-chip device 3822. However, each of the display
3828, the input device 3830, the speaker 3836, the microphone 3838, the antenna 3842,
and the power supply 3844 can be coupled to a component of the system-on-chip device
3822, such as an interface or a controller. Although the semiconductor device 3864 is
depicted as being included in the processor 3810, the semiconductor device 3864 may
be included in another component of the device 3800 or a component coupled to the
device 3800. For example, the semiconductor device 3864 may be included in the
memory 3832, the wireless interface 3840, the power supply 3844, the input device
3830, the display 3828, the display controller 3826, the CODEC 3834, the speaker
3836, or the microphone 3838.

[00147] In conjunction with one or more of the described embodiments of FIGS. 1-38,
an apparatus is disclosed that may include means for activating a channel region of a
semiconductor device. The channel region may be coupled to a source/drain region of
the semiconductor device. The means for activating may correspond to the gate 150 of
FIGS. 1A-1B, one or more other structures, devices, or circuits configured to activate

the channel region, or any combination thereof.

[00148] The apparatus may also include means for conducting current. The means for
conducting may be coupled to the source/drain region. The source/drain region may
define a gap positioned between the means for activating and the means for conducting.
A height of the gap is less than a height of the means for activating the channel region.
The means for conducting may correspond to the contact 184 of FIG. 1A-B, one or
more other, structures, devices, or circuits configured to conduct current, or any

combination thereof.
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[00149] In conjunction with the described embodiments of FIGS. 1-38, a method is
disclosed that may include a first step for forming a first spacer structure on a dummy
gate of a semiconductor device, such as described by the method 3400 of FIG. 34 at
3402 or the method 3500 of FIG. 35 at 3506, or by depositing a first spacer material of
the first spacer structure on the dummy gate, by epitaxial growth of a first spacer
material of the first spacer structure on the dummy gate, by one or more other processes
configured to form the first spacer structure on the dummy gate of the semiconductor

device, or any combination thereof.

[00150] The method may also include a second step for forming a sacrificial spacer on
the first spacer structure, such as described by the method 3400 of FIG. 34 at 3404 or
the method 3500 of FIG. 35 at 3508, or by depositing a sacrificial spacer material of the
sacrificial spacer on the first spacer structure, by epitaxial growth of a sacrificial spacer
material of the sacrificial spacer on the first spacer structure, by one or more other
processes configured to form the sacrificial spacer on the first spacer structure, or any

combination thereof.

[00151] The method may also include a third step of etching a structure to create an
opening, such as described by the method 3400 of FIG. 34 at 3406, the method 3500 of
FIG. 35 at 3522, the method 3600 of FIG. 36 at 3604, or by etching the structure, a
portion of a substrate, a first spacer structure, and/or a second spacer structure to create
the opening, by using a chemical or reactive gas chemistry to etch the structure, by one

or more processes configured to etch the structure, or any combination thereof.

[00152] The method may also include a fourth step for removing the sacrificial spacer
via the opening, such as described by the method 3400 of FIG. 34 at 3408, the method
3500 of FIG. 35 at 3524, the method 3600 of FIG. 36 at 3606, or the method 3700 of
FIG. 37 at 3702, or by using a chemical, a hydrogen reaction, a standard clean 1 type, or
reactive gas chemistry to remove the sacrificial spacer via the opening, by one or more
other processes configured to remove the sacrificial spacer via the opening, or any

combination thereof.

[00153] The method may also include a fifth step for depositing a material to close the
opening. Removing the sacrificial spacer and depositing the material may define a gap.

The fifth step for depositing the material may include performing the method 3400 of
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FIG. 34 at 3408, the method 3500 of FIG. 35 at 3526, the method 3600 of FIG. 36 at
3608, or the method 3700 of FIG. 37 at 3704, or by depositing a third spacer material
associated with a third spacer structure to close the opening, by epitaxial growth of a
third spacer material of a third spacer structure to close the opening, by depositing a
source/drain material associated with a source/drain region to close the opening, by
epitaxial growing a source/drain material associated with a source/drain region to close
the opening, by one or more other processes configured to deposit the material to close

the opening, or any combination thereof.

[00154] One or more of the disclosed embodiments may be implemented in a system or
an apparatus, such as the device 3800, that may include a communications device, a
fixed location data unit, a mobile location data unit, a mobile phone, a cellular phone, a
satellite phone, a computer, a tablet, a portable computer, or a desktop computer.
Alternatively or additionally, the device 3800 may include a set top box, an
entertainment unit, a navigation device, a personal digital assistant (PDA), a monitor, a
computer monitor, a television, a tuner, a radio, a satellite radio, a music player, a digital
music player, a portable music player, a video player, a digital video player, a digital
video disc (DVD) player, a portable digital video player, any other device that stores or
retrieves data or computer instructions, or a combination thereof. As another
illustrative, non-limiting example, the system or the apparatus may include remote units,
such as mobile phones, hand-held personal communication systems (PCS) units,
portable data units such as personal data assistants, global positioning system (GPS)
enabled devices, navigation devices, fixed location data units such as meter reading
equipment, or any other device that stores or retrieves data or computer instructions, or

any combination thereof.

[00155] The foregoing disclosed devices and functionalities may be designed and
configured into computer files (e.g. RTL, GDSII, GERBER, etc.) stored on computer-
readable media. Some or all such files may be provided to fabrication handlers who
fabricate devices based on such files. Resulting products include semiconductor wafers
that are then cut into semiconductor die and packaged into a semiconductor chip. The
chips are then employed in devices described above. FIG. 39 depicts a particular

illustrative embodiment of an electronic device manufacturing process 3900.
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[00156] Physical device information 3902 is received at the manufacturing process 3900,
such as at a research computer 3906. The physical device information 3902 may
include design information representing at least one physical property of a
semiconductor device, such as the semiconductor device 100 of FIG. 1A, the
semiconductor device 160 of FIG. 1B, a semiconductor device formed according to the
process illustrated by FIGS. 2-14, a semiconductor device formed according to the
process illustrated by FIGS. 15-25, a semiconductor device formed according to the
process illustrated by FIGS. 26-33, a semiconductor device formed using at least one of
the methods of FIGS. 34-37, or a combination thereof. For example, the physical
device information 3902 may include physical parameters, material characteristics, and
structure information that is entered via a user interface 3904 coupled to the research
computer 3906. The research computer 3906 includes a processor 3908, such as one or
more processing cores, coupled to a computer-readable medium (e.g., a non-transitory
computer-readable medium), such as a memory 3910. The memory 3910 may store
computer-readable instructions that are executable to cause the processor 3908 to
transform the physical device information 3902 to comply with a file format and to

generate a library file 3912.

[00157] In a particular embodiment, the library file 3912 includes at least one data file
including the transformed design information. For example, the library file 3912 may
include a library of semiconductor devices including a device that includes the
semiconductor device 100 of FIG. 1A, the semiconductor device 160 of FIG. 1B, a
semiconductor device formed according to the process illustrated by FIGS. 2-14, a
semiconductor device formed according to the process illustrated by FIGS. 15-25, a
semiconductor device formed according to the process illustrated by FIGS. 26-33, a
semiconductor device formed using at least one of the methods of FIGS. 34-37, ora
combination thereof, that is provided for use with an electronic design automation

(EDA) tool 3920.

[00158] The library file 3912 may be used in conjunction with the EDA tool 3920 at a
design computer 3914 including a processor 3916, such as one or more processing
cores, coupled to a memory 3918. The EDA tool 3920 may be stored as processor
executable instructions at the memory 3918 to enable a user of the design computer

3914 to design a circuit including the semiconductor device 100 of FIG. 1A, the
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semiconductor device 160 of FIG. 1B, a semiconductor device formed according to the
process illustrated by FIGS. 2-14, a semiconductor device formed according to the
process illustrated by FIGS. 15-25, a semiconductor device formed according to the
process illustrated by FIGS. 26-33, a semiconductor device formed using at least one of
the methods of FIGS. 34-37, or a combination thereof, of the library file 3912. For
example, a user of the design computer 3914 may enter circuit design information 3922
via a user interface 3924 coupled to the design computer 3914. The circuit design
information 3922 may include design information representing at least one physical
property of a semiconductor device, such as the semiconductor device 100 of FIG. 1A,
the semiconductor device 160 of FIG. 1B, a semiconductor device formed according to
the process illustrated by FIGS. 2-14, a semiconductor device formed according to the
process illustrated by FIGS. 15-25, a semiconductor device formed according to the
process illustrated by FIGS. 26-33, a semiconductor device formed using at least one of
the methods of FIGS. 34-37, or a combination thereof. To illustrate, the circuit design
property may include identification of particular circuits and relationships to other
elements in a circuit design, positioning information, feature size information,
interconnection information, or other information representing a physical property of a

semiconductor device.

[00159] The design computer 3914 may be configured to transform the design
information, including the circuit design information 3922, to comply with a file format.
To illustrate, the file format may include a database binary file format representing
planar geometric shapes, text labels, and other information about a circuit layout in a
hierarchical format, such as a Graphic Data System (GDSII) file format. The design
computer 3914 may be configured to generate a data file including the transformed
design information, such as a GDSII file 3926 that includes information describing the
semiconductor device 100 of FIG. 1A, the semiconductor device 160 of FIG. 1B, a
semiconductor device formed according to the process illustrated by FIGS. 2-14, a
semiconductor device formed according to the process illustrated by FIGS. 15-25, a
semiconductor device formed according to the process illustrated by FIGS. 26-33, a
semiconductor device formed using at least one of the methods of FIGS. 34-37, or a
combination thereof, in addition to other circuits or information. To illustrate, the data

file may include information corresponding to a system-on-chip (SOC) that includes the
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semiconductor device 100 of FIG. 1A, the semiconductor device 160 of FIG. 1B, a
semiconductor device formed according to the process illustrated by FIGS. 2-14, a
semiconductor device formed according to the process illustrated by FIGS. 15-25, a
semiconductor device formed according to the process illustrated by FIGS. 26-33, a
semiconductor device formed using at least one of the methods of FIGS. 34-37, or a
combination thereof, and that also includes additional electronic circuits and

components within the SOC.

[00160] The GDSII file 3926 may be received at a fabrication process 3928 to
manufacture the semiconductor device 100 of FIG. 1A, the semiconductor device 160 of
FIG. 1B, a semiconductor device formed according to the process illustrated by FIGS.
2-14, a semiconductor device formed according to the process illustrated by FIGS. 15-
25, a semiconductor device formed according to the process illustrated by FIGS. 26-33,
a semiconductor device formed using at least one of the methods of FIGS. 34-37, ora
combination thereof, according to transformed information in the GDSII file 3926. For
example, a device manufacture process may include providing the GDSII file 3926 to a
mask manufacturer 3930 to create one or more masks, such as masks to be used with
photolithography processing, illustrated as a representative mask 3932. The mask 3932
may be used during the fabrication process to generate one or more wafers 3933, which
may be tested and separated into dies, such as a representative die 3936. The die 3936
includes a circuit including a device that includes the semiconductor device 100 of FIG.
1A, the semiconductor device 160 of FIG. 1B, a semiconductor device formed
according to the process illustrated by FIGS. 2-14, a semiconductor device formed
according to the process illustrated by FIGS. 15-25, a semiconductor device formed
according to the process illustrated by FIGS. 26-33, a semiconductor device formed
using at least one of the methods of FIGS. 34-37, or a combination thereof, or a

combination thereof.

[00161] For example, the fabrication process 3928 may include a processor 3934 and a
memory 3935 to initiate and/or control the fabrication process 3928. The memory 3935
may include executable instructions such as computer-readable instructions or
processor-readable instructions. The executable instructions may include one or more

instructions that are executable by a computer such as the processor 3934,
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[00162] The fabrication process 3928 may be implemented by a fabrication system that
is fully automated or partially automated. For example, the fabrication process 3928
may be automated according to a schedule. The fabrication system may include
fabrication equipment (e.g., processing tools) to perform one or more operations to form
a semiconductor device. For example, the fabrication equipment may be configured to
deposit one or more materials, epitaxially grow one or more materials, conformally
deposit one or more materials, apply a hardmask, apply an etching mask, perform
etching, perform planarization, form a dummy gate stack, form a gate stack, perform a

standard clean 1 type, etc.

[00163] The fabrication system (e.g., an automated system that performs the fabrication
process 3928) may have a distributed architecture (e.g., a hierarchy). For example, the
fabrication system may include one or more processors, such as the processor 3934, one
or more memories, such as the memory 3935, and/or controllers that are distributed
according to the distributed architecture. The distributed architecture may include a
high-level processor that controls or initiates operations of one or more low-level
systems. For example, a high-level portion of the fabrication process 3928 may include
one or more processors, such as the processor 3934, and the low-level systems may each
include or may be controlled by one or more corresponding controllers. A particular
controller of a particular low-level system may receive one or more instructions (e.g.,
commands) from a particular high-level system, may issue sub-commands to
subordinate modules or process tools, and may communicate status data back to the
particular high-level. Each of the one or more low-level systems may be associated
with one or more corresponding pieces of fabrication equipment (e.g., processing tools).
In a particular embodiment, the fabrication system may include multiple processors that
are distributed in the fabrication system. For example, a controller of a low-level

system component may include a processor, such as the processor 3934,

[00164] Alternatively, the processor 3934 may be a part of a high-level system,
subsystem, or component of the fabrication system. In another embodiment, the
processor 3934 includes distributed processing at various levels and components of a

fabrication system.

[00165] Thus, the processor 3934 may include processor-executable instructions that,
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when executed by the processor 3934, cause the processor 3934 to initiate or control
formation of a semiconductor device, the semiconductor device formed by forming a
first spacer structure on a dummy gate of a semiconductor device, by forming a
sacrificial spacer on the first spacer structure, by removing the sacrificial spacer via an
opening, and by depositing a material to close the opening where the material defines a
gap. For example, the first spacer structure may be formed by one or more doping tools,
such as molecular beam epitaxial growth tool, a flowable chemical vapor deposition
(FCVD) tool, a conformal deposition tool, or a spin-on deposition tool. As another
example, the sacrificial spacer may be formed by one or more deposition tools, such as
molecular beam epitaxial growth tool, a flowable chemical vapor deposition (FCVD)
tool, a conformal deposition tool, or a spin-on deposition tool. As another example, the
sacrificial spacer may be removed by one or more removal tools, such as a chemical
removal tool, a reactive gas removal tool, a hydrogen reaction removal tool, or a
standard clean 1 type removal tool. As another example, the material may be deposited
by one or more deposition tools, such as molecular beam epitaxial growth tool, a
flowable chemical vapor deposition (FCVD) tool, a conformal deposition tool, or a

spin-on deposition tool.

[00166] The executable instructions included in the memory 3935 may enable the
processor 3934 to initiate formation of a semiconductor device such as the
semiconductor device 100 of FIG. 1A, the semiconductor device 160 of FIG. 1B, a
semiconductor device formed according to the process illustrated by FIGS. 2-14, a
semiconductor device formed according to the process illustrated by FIGS. 15-25, a
semiconductor device formed according to the process illustrated by FIGS. 26-33, a
semiconductor device formed using at least one of the methods of FIGS. 34-37, or a
combination thereof. In a particular embodiment, the memory 3935 is a non-transient
computer-readable medium storing computer-executable instructions that are executable
by the processor 3934 to cause the processor 3934 to initiate formation of a
semiconductor device, such as field-effect transistor (FET) or a complementary metal-
oxide-semiconductor (CMOS) device, in accordance with at least a portion of any of the
processes illustrated FIGS. 2-33, at least a portion of any of the methods of FIGS. 34-
37, or any combination thereof. For example, the computer executable instructions may

be executable to cause the processor 3934 to initiate formation of the semiconductor
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device. The semiconductor device may be formed by forming a first spacer structure on
a dummy gate of a semiconductor device, by forming a sacrificial spacer on the first
spacer structure, by etching a structure to create an opening, by removing the sacrificial
spacer via the opening, and by depositing a material to close the opening where the

material defines a gap.

[00167] As an illustrative example, the processor 3934 may initiate or control a first step
for forming a first spacer structure on a dummy gate of a semiconductor device. For
example, the processor 3934 may be embedded in or coupled to one or more controllers
that control one or more piceces of fabrication equipment to perform the first step for
forming the first spacer structure on the dummy gate of the semiconductor device. The
processor 3934 may control the first step for forming the first spacer structure on the
dummy gate of the semiconductor device by controlling one or more processes as
described by the method 3400 of FIG. 34 at 3402, the method 3500 of FIG. 35 at 3506,
by controlling an epitaxial deposition of a first spacer material of the first spacer
structure on the dummy gate, by controlling deposition of a first spacer material of the
first spacer structure on the dummy gate, by controlling one or more other processes
configured to form the first spacer structure on the dummy gate of the semiconductor

device, or any combination thereof.

[00168] The processor 3934 may also control a second step for forming a sacrificial
spacer on the first spacer structure. For example, the processor 3934 may be embedded
in or coupled to one or more controllers that control one or more pieces of fabrication
equipment to perform the second step forming the sacrificial spacer on the first spacer
structure. The processor 3934 may control the second step for forming the sacrificial
spacer on the first spacer structure device by controlling one or more processes as
described by the method 3400 of FIG. 34 at 3404, the method 3500 of FIG. 35 at 3508,
by controlling a deposition of a high mobility channel material in at least a cavity, by
controlling an epitaxial growth of a high mobility material in a cavity, by controlling
one or more other processes configured to form the sacrificial spacer on the first spacer

structure, or any combination thereof.

[00169] The processor 3934 may also control a third step for etching a structure to create

an opening. For example, the processor 3934 may be embedded in or coupled to one or
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more controllers that control one or more pieces of fabrication equipment to perform the
third step for etching the structure to create the opening. The processor 3934 may
control the third step for etching the structure to create the opening by controlling one or
more processes as described by the method 3400 of FIG. 34 at 3406, the method 3500
of FIG. 35 at 3522, the method 3600 of FIG. 36 at 3604, or by etching the structure to
create the opening, by etching a portion of a substrate to create the opening, by etching a
portion of a first spacer structure to create the opening, by etching a portion of a second
spacer structure to create the opening, by using a chemical to etch the structure, buy
using reactive gas chemistry to etch the structure, by one or more processes configured

to etch the structure, or any combination thereof.

[00170] The processor 3934 may also control a fourth step for removing the sacrificial
spacer via the opening. For example, the processor 3934 may be embedded in or
coupled to one or more controllers that control one or more pieces or components of
fabrication equipment to perform the fourth step for removing the sacrificial spacer via
the opening. The processor 3934 may control the fourth step for removing the
sacrificial spacer via the opening by controlling one or more processes as described by
the method 3400 of FIG. 34 at 3408, the method 3500 of FIG. 35 at 3524, the method
3600 of FIG. 36 at 3606, or the method 3700 of FIG. 37 at 3702, or by controlling
removal of a sacrificial spacer material of the sacrificial spacer via the opening, by
controlling use of a chemical to remove the sacrificial spacer via the opening, by
controlling use of reactive gas chemistry to remove the sacrificial spacer via the
opening, by controlling use of a hydrogen reaction to remove the sacrificial spacer via
the opening, by controlling use of a standard clean 1 type to remove the sacrificial
spacer via the opening, by controlling one or more other processes configured to remove

the sacrificial spacer via the opening, or any combination thereof.

[00171] The processor 3934 may also control a fifth step for depositing a material to
close the opening. For example, the processor 3934 may be embedded in or coupled to
one or more controllers that control one or more pieces of fabrication equipment to
perform the fifth step for depositing the material to close the opening. Removing the
sacrificial spacer and depositing the material may define a gap. The processor 3934
may control the fifth step for depositing the material to close the opening by controlling

one or more processes as described by the method 3400 of FIG. 34 at 3408, the method
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3500 of FIG. 35 at 3526, the method 3600 of FIG. 36 at 3608, the method 3700 of FIG.
37 at 3704, by controlling deposition of a third spacer material associated with a third
spacer structure to close the opening, by controlling an epitaxial growth of a third spacer
material of a third spacer structure to close the opening, by controlling a deposition of a
source/drain material associated with a source/drain region to close the opening, by
controlling an epitaxial growth of a source/drain material associated with a source/drain
region to close the opening, by controlling one or more other processes configured to

deposit the material to close the opening, or any combination thereof.

[00172] The die 3936 may be provided to a packaging process 3938 where the die 3936
is incorporated into a representative package 3940. For example, the package 3940 may
include the single die 3936 or multiple dies, such as a system-in-package (SiP)
arrangement. The package 3940 may be configured to conform to one or more
standards or specifications, such as Joint Electron Device Engineering Council (JEDEC)

standards.

[00173] Information regarding the package 3940 may be distributed to various product
designers, such as via a component library stored at a computer 3946. The computer
3946 may include a processor 3948, such as one or more processing cores, coupled to a
memory 3950. A printed circuit board (PCB) tool may be stored as processor
executable instructions at the memory 3950 to process PCB design information 3942
received from a user of the computer 3946 via a user interface 3944. The PCB design
information 3942 may include physical positioning information of a packaged
semiconductor device on a circuit board, the packaged semiconductor device
corresponding to the package 3940 including the semiconductor device 100 of FIG. 1A,
the semiconductor device 160 of FIG. 1B, a semiconductor device formed according to
the process illustrated by FIGS. 2-14, a semiconductor device formed according to the
process illustrated by FIGS. 15-25, a semiconductor device formed according to the
process illustrated by FIGS. 26-33, a semiconductor device formed using at least one of

the methods of FIGS. 34-37, or a combination thereof.

[00174] The computer 3946 may be configured to transform the PCB design information
3942 to generate a data file, such as a GERBER file 3952 with data that includes

physical positioning information of a packaged semiconductor device on a circuit board,
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as well as layout of electrical connections such as traces and vias, where the packaged
semiconductor device corresponds to the package 3940 including the semiconductor
device 100 of FIG. 1A, the semiconductor device 160 of FIG. 1B, a semiconductor
device formed according to the process illustrated by FIGS. 2-14, a semiconductor
device formed according to the process illustrated by FIGS. 15-25, a semiconductor
device formed according to the process illustrated by FIGS. 26-33, a semiconductor
device formed using at least one of the methods of FIGS. 34-37, or a combination
thereof. In other embodiments, the data file generated by the transformed PCB design

information may have a format other than a GERBER format.

[00175] The GERBER file 3952 may be received at a board assembly process 3954 and
used to create PCBs, such as a representative PCB 3956, manufactured in accordance
with the design information stored within the GERBER file 3952. For example, the
GERBER file 3952 may be uploaded to one or more machines to perform various steps
of'a PCB production process. The PCB 3956 may be populated with electronic
components including the package 3940 to form a representative printed circuit

assembly (PCA) 3958.

[00176] The PCA 3958 may be received at a product manufacture process 3960 and
integrated into one or more electronic devices, such as a first representative electronic
device 3962 and a second representative electronic device 3964. For example, the first
representative electronic device 3962, the second representative electronic device 3964,
or both, may include or correspond to the wireless communication device 3800 of FIG.
38. As an illustrative, non-limiting example, the first representative electronic device
3962, the second representative electronic device 3964, or both, may include a
communications device, a fixed location data unit, a mobile location data unit, a mobile
phone, a cellular phone, a satellite phone, a computer, a tablet, a portable computer, or a
desktop computer. Alternatively or additionally, the first representative electronic
device 3962, the second representative electronic device 3964, or both, may include a
set top box, an entertainment unit, a navigation device, a personal digital assistant
(PDA), a monitor, a computer monitor, a television, a tuner, a radio, a satellite radio, a
music player, a digital music player, a portable music player, a video player, a digital
video player, a digital video disc (DVD) player, a portable digital video player, any

other device that stores or retrieves data or computer instructions, or a combination
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thereof, into which the semiconductor device 100 of FIG. 1A, the semiconductor device
160 of FIG. 1B, a semiconductor device formed according to the process illustrated by
FIGS. 2-14, a semiconductor device formed according to the process illustrated by
FIGS. 15-25, a semiconductor device formed according to the process illustrated by
FIGS. 26-33, a semiconductor device formed using at least one of the methods of FIGS.
34-37, or a combination thereof, is integrated. As another illustrative, non-limiting
example, one or more of the electronic devices 3962 and 3964 may include remote
units, such as mobile phones, hand-held personal communication systems (PCS) units,
portable data units such as personal data assistants, global positioning system (GPS)
enabled devices, navigation devices, fixed location data units such as meter reading
equipment, or any other device that stores or retrieves data or computer instructions, or
any combination thereof. Although FIG. 39 illustrates remote units according to
teachings of the disclosure, the disclosure is not limited to these illustrated units.
Embodiments of the disclosure may be suitably employed in any device which includes

active integrated circuitry including memory and on-chip circuitry.

[00177] A device that includes the semiconductor device 100 of FIG. 1A, the
semiconductor device 160 of FIG. 1B, a semiconductor device formed according to the
process illustrated by FIGS. 2-14, a semiconductor device formed according to the
process illustrated by FIGS. 15-25, a semiconductor device formed according to the
process illustrated by FIGS. 26-33, a semiconductor device formed using at least one of
the methods of FIGS. 34-37, or a combination thercof, may be fabricated, processed,
and incorporated into an electronic device, as described in the illustrative process 3900.
One or more aspects of the embodiments disclosed with respect to FIGS. 1-38 may be
included at various processing stages, such as within the library file 3912, the GDSII
file 3926 (e.g., a file having a GDSII format), and the GERBER file 3952 (e.g., a file
having a GERBER format), as well as stored at the memory 3910 of the research
computer 3906, the memory 3918 of the design computer 3914, the memory 3950 of the
computer 3946, the memory of one or more other computers or processors (not shown)
used at the various stages, such as at the board assembly process 3954, and also
incorporated into one or more other physical embodiments such as the mask 3932, the
die 3936, the package 3940, the PCA 3958, other products such as prototype circuits or

devices (not shown), or any combination thereof. Although various representative
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stages of production from a physical device design to a final product are depicted, in
other embodiments fewer stages may be used or additional stages may be included.
Similarly, the process 3900 may be performed by a single entity or by one or more

entities performing various stages of the process 3900.

[00178] Although one or more of FIGS. 1-39 may illustrate systems, apparatuses, and/or
methods according to the teachings of the disclosure, the disclosure is not limited to
these illustrated systems, apparatuses, and/or methods. Embodiments of the disclosure
may be suitably employed in any device that includes integrated circuitry including

memory, a processor, and on-chip circuitry.

[00179] Although one or more of FIGS. 1-39 may illustrate systems, apparatuses, and/or
methods according to the teachings of the disclosure, the disclosure is not limited to
these illustrated systems, apparatuses, and/or methods. One or more functions or
components of any of FIGS. 1-39 as illustrated or described herein may be combined
with one or more other portions of another of FIGS. 1-39. Accordingly, no single
embodiment described herein should be construed as limiting and embodiments of the
disclosure may be suitably combined without departing form the teachings of the

disclosure.

[00180] Those of skill would further appreciate that the various illustrative logical
blocks, configurations, modules, circuits, and algorithm steps described in connection
with the embodiments disclosed herein may be implemented as electronic hardware,
computer software executed by a processor, or combinations of both. Various
illustrative components, blocks, configurations, modules, circuits, and steps have been
described above generally in terms of their functionality. Whether such functionality is
implemented as hardware or processor executable instructions depends upon the
particular application and design constraints imposed on the overall system. Skilled
artisans may implement the described functionality in varying ways for each particular
application, but such implementation decisions should not be interpreted as causing a

departure from the scope of the present disclosure.

[00181] The steps of a method or algorithm described in connection with the
embodiments disclosed herein may be embodied directly in hardware, in a software

module executed by a processor, or in a combination of the two. A software module
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may reside in random access memory (RAM), flash memory, read-only memory
(ROM), programmable read-only memory (PROM), erasable programmable read-only
memory (EPROM), electrically erasable programmable read-only memory (EEPROM),
registers, hard disk, a removable disk, a compact disc read-only memory (CD-ROM), or
any other form of non-transient storage medium known in the art. An exemplary
storage medium is coupled to the processor such that the processor can read information
from, and write information to, the storage medium. In the alternative, the storage
medium may be integral to the processor. The processor and the storage medium may
reside in an application-specific integrated circuit (ASIC). The ASIC may reside in a
computing device or a user terminal. In the alternative, the processor and the storage

medium may reside as discrete components in a computing device or user terminal.

[00182] The previous description of the disclosed embodiments is provided to enable a
person skilled in the art to make or use the disclosed embodiments. Various
modifications to these embodiments will be readily apparent to those skilled in the art,
and the principles defined herein may be applied to other embodiments without
departing from the scope of the disclosure. Thus, the present disclosure is not intended
to be limited to the embodiments shown herein but is to be accorded the widest scope
possible consistent with the principles and novel features as defined by the following

claims.
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WHAT IS CLAIMED IS:

1. A method comprising;:

forming a first spacer structure on a dummy gate of a semiconductor device;
forming a sacrificial spacer on the first spacer structure;

etching a structure to create an opening; and

removing the sacrificial spacer via the opening and depositing a material to close

the opening to define a gap.

2. The method of claim 1, wherein the structure is in contact with the sacrificial

spacer, and wherein etching the structure exposes a portion of the sacrificial spacer.

3. The method of claim 1, wherein the structure includes a portion of a fin, and

wherein etching the structure includes removing a portion of the fin.

4. The method of claim 1, wherein the structure includes the first spacer
structure, a second spacer structure, or a combination thereof, and wherein etching the
structure includes removing a portion of the first spacer structure, a portion of the

second spacer structure, or a combination thereof.

5. The method of claim 4, wherein the material corresponds to a third spacer
structure, wherein the third spacer structure is in contact with the first spacer structure,

the second spacer structure, or both.

6. The method of claim 5, wherein a spacer of the semiconductor device
comprises the first spacer structure, the second spacer structure, and the third spacer

structure.

7. The method of claim 1, wherein the material corresponds to a source/drain
region material of a source/drain region of the semiconductor device, and wherein
depositing the material comprises epitaxially growing the source/drain region of the

semiconductor device.
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8. The method of claim 1, wherein the opening is defined by the first spacer
structure, a second spacer structure, a dielectric layer, the dummy gate, or a combination

thereof.

9. The method of claim 1, further comprising replacing the dummy gate with a
gate, and wherein the opening is defined by the first spacer structure, a second spacer

structure, a dielectric layer, the gate, or a combination thereof.

10. The method of claim 1, further comprising forming a second spacer

structure on the sacrificial spacer.

11. The method of claim 10, wherein a portion of the second spacer structure is

formed on a portion of the first spacer structure.

12. The method of claim 10, wherein a portion of the material is positioned

between the first spacer structure and the second spacer structure.

13. The method of claim 10, wherein the first spacer structure includes a first

material, and wherein the second spacer structure includes the first material.

14. The method of claim 10, wherein a spacer of the semiconductor device

comprises the first spacer structure and the second spacer structure.

15. A semiconductor device comprising:

a gate;

a contact; and

a source/drain region clectrically coupled to the contact, wherein the
source/drain region defines a gap positioned between the gate and the

contact, and wherein a height of the gap is less than a height of the gate.

16. The semiconductor device of claim 15, wherein the gate, the contact, and

the source/drain region are included in a fin field-effect transistor (FinFET) device.
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17. The semiconductor device of claim 15, wherein the gate, the contact, and
the source/drain region are integrated into a mobile phone, a cellular phone, a portable
computer, a radio, a satellite radio, a communication device, a portable music player, a
portable digital video player, a navigation device, a personal digital assistant (PDA), a

mobile location data unit, or a combination thereof.

18. The semiconductor device of claim 15, wherein the gate, the contact, and
the source/drain region are integrated into a set top box, an entertainment unit, a fixed
location data unit, a desktop computer, a monitor, a computer monitor, a television, a
tuner, a music player, a digital music player, a video player, a digital video player, a

digital video disc (DVD) player, or a combination thereof.

19. A non-transitory computer-readable medium comprising processor-
executable instructions that, when executed by a processor, cause the processor to:
initiate formation of a semiconductor device, the semiconductor device formed
by:
forming a first spacer structure on a dummy gate of a semiconductor
device;
forming a sacrificial spacer on the first spacer structure;
etching a structure to create an opening; and
removing the sacrificial spacer via the opening and depositing a material

to close the opening to define a gap.

20. The non-transitory computer-readable medium of claim 19, wherein the
semiconductor device is further formed by:

forming the dummy gate on a substrate of the semiconductor device;

removing the dummy gate to create a cavity; and

forming a gate in the cavity, wherein the gate is coupled to a channel region of

the semiconductor device.

21. The non-transitory computer-readable medium of claim 20, wherein the

channel region is included in a fin of the substrate.
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22. The non-transitory computer-readable medium of claim 20, wherein the

dummy gate is removed prior to removing the sacrificial spacer.

23. The non-transitory computer-readable medium of claim 20, wherein the

sacrificial spacer is removed prior to removing the dummy gate.

24. The non-transitory computer-readable medium of claim 20, wherein the
semiconductor device is further formed by forming a contact subsequent to forming the
gate, wherein the contact is electrically coupled to a source/drain region of the

semiconductor device.

25. The non-transitory computer-readable medium of claim 19, wherein the
semiconductor device is further formed by:

forming a source/drain region on a substrate of the semiconductor device;

forming a dielectric layer on the source/drain region;

removing a portion of the dielectric layer to create a cavity; and

forming a contact in the cavity, wherein the contact is electrically coupled to the

source/drain region.

26. The non-transitory computer-readable medium of claim 25, wherein the

contact is formed prior to removing the sacrificial spacer.

27. The non-transitory computer-readable medium of claim 25, wherein the

sacrificial spacer is removed prior to forming the contact.

28. An apparatus comprising:

means for activating a channel region of a semiconductor device, wherein the
channel region is coupled to a source/drain region of the semiconductor
device; and

means for conducting current, the means for conducting coupled to the
source/drain region, wherein the source/drain region defines a gap
positioned between the means for activating and the means for
conducting, wherein a height of the gap is less than a height of the means

for activating the channel region.
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29. The apparatus of claim 28, wherein the means for activating the channel
region comprises a gate of the semiconductor device, and wherein the means for

conducting current comprises a contact.

30. The apparatus of claim 28, wherein the means for activating and the means
for conducting are integrated into a mobile phone, a cellular phone, a portable computer,
a radio, a satellite radio, a communication device, a portable music player, a portable
digital video player, a navigation device, a personal digital assistant (PDA), a mobile
location data unit, a set top box, an entertainment unit, a fixed location data unit, a
desktop computer, a monitor, a computer monitor, a television, a tuner, a music player,
a digital music player, a video player, a digital video player, a digital video disc (DVD)

player, or a combination thereof.
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