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(54) GATE SPACERS IN SEMICONDUCTOR DEVICES

(57) A semiconductor device and methods of fabri-
cating the same are disclosed. The semiconductor de-
vice includes a substrate, a fin structure with a fin top
surface disposed on the substrate, a source/drain (S/D)
region disposed on the fin structure, a gate structure dis-
posed on the fin top surface, and a gate spacer with first

and second spacer portions disposed between the gate
structure and the S/D region. The first spacer portion ex-
tends above the fin top surface and is disposed along a
sidewall of the gate structure. The second spacer portion
extends below the fin top surface and is disposed along
a sidewall of the S/D region.
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Description

BACKGROUND

[0001] With advances in semiconductor technology,
there has been increasing demand for higher storage
capacity, faster processing systems, higher perform-
ance, and lower costs. To meet these demands, the sem-
iconductor industry continues to scale down the dimen-
sions of semiconductor devices, such as metal oxide
semiconductor field effect transistors (MOSFETs), in-
cluding planar MOSFETs and fin field effect transistors
(finFETs). Such scaling down has increased the com-
plexity of semiconductor manufacturing processes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] Aspects of this disclosure are best understood
from the following detailed description when read with
the accompanying figures.

Fig. 1A illustrates an isometric view of a semicon-
ductor device, in accordance with some embodi-
ments.

Figs. 1B-1D illustrate cross-sectional views of a sem-
iconductor device with extended gate spacers, in ac-
cordance with some embodiments.

Fig. 2 is a flow diagram of a method for fabricating
a semiconductor device with extended gate spacers,
in accordance with some embodiments.

Figs. 3-4, 5A-12B, and 13-14 illustrate isometric and
cross-sectional views of a semiconductor device
with extended gate spacers at various stages of its
fabrication process, in accordance with some em-
bodiments.

[0003] Illustrative embodiments will now be described
with reference to the accompanying drawings. In the
drawings, like reference numerals generally indicate
identical, functionally similar, and/or structurally similar
elements. The discussion of elements with the same an-
notations applies to each other, unless mentioned oth-
erwise.

DETAILED DESCRIPTION

[0004] The following disclosure provides many differ-
ent embodiments, or examples, for implementing differ-
ent features of the provided subject matter. Specific ex-
amples of components and arrangements are described
below to simplify the present disclosure. These are, of
course, merely examples and are not intended to be lim-
iting. For example, the process for forming a first feature
over a second feature in the description that follows may
include embodiments in which the first and second fea-

tures are formed in direct contact, and may also include
embodiments in which additional features may be formed
between the first and second features, such that the first
and second features may not be in direct contact. As
used herein, the formation of a first feature on a second
feature means the first feature is formed in direct contact
with the second feature. In addition, the present disclo-
sure may repeat reference numerals and/or letters in the
various examples. This repetition does not in itself dictate
a relationship between the embodiments and/or config-
urations discussed herein.
[0005] Spatially relative terms, such as "beneath," "be-
low," "lower," "above," "upper," and the like, may be used
herein for ease of description to describe one element or
feature’s relationship to another element(s) or feature(s)
as illustrated in the figures. The spatially relative terms
are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. The apparatus may be otherwise
oriented (rotated 90 degrees or at other orientations) and
the spatially relative descriptors used herein may likewise
be interpreted accordingly.
[0006] It is noted that references in the specification to
"one embodiment," "an embodiment," "an example em-
bodiment," "exemplary," etc., indicate that the embodi-
ment described may include a particular feature, struc-
ture, or characteristic, but every embodiment may not
necessarily include the particular feature, structure, or
characteristic. Moreover, such phrases do not necessar-
ily refer to the same embodiment. Further, when a par-
ticular feature, structure or characteristic is described in
connection with an embodiment, it would be within the
knowledge of one skilled in the art to effect such feature,
structure or characteristic in connection with other em-
bodiments whether or not explicitly described.
[0007] It is to be understood that the phraseology or
terminology herein is for the purpose of description and
not of limitation, such that the terminology or phraseology
of the present specification is to be interpreted by those
skilled in relevant art(s) in light of the teachings herein.
[0008] In some embodiments, the terms "about" and
"substantially" can indicate a value of a given quantity
that varies within 5 % of the value (e.g., 61 %, 62 %,
63 %, 64 %, 65 % of the value). These values are merely
examples and are not intended to be limiting. The terms
"about" and "substantially" can refer to a percentage of
the values as interpreted by those skilled in relevant art(s)
in light of the teachings herein.
[0009] The fin structures disclosed herein may be pat-
terned by any suitable method. For example, the fin struc-
tures may be patterned using one or more photolithog-
raphy processes, including double-patterning or multi-
patterning processes. Double-patteming or multi-pat-
teming processes can combine photolithography and
self-aligned processes, allowing patterns to be created
that have, for example, pitches smaller than what is oth-
erwise obtainable using a single, direct photolithography
process. For example, a sacrificial layer is formed over
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a substrate and patterned using a photolithography proc-
ess. Spacers are formed alongside the patterned sacri-
ficial layer using a self-aligned process. The sacrificial
layer is then removed, and the remaining spacers may
then be used to pattern the fin structures.
[0010] The present disclosure provides example sem-
iconductor devices (e.g., finFETs) with extended gate
spacers in gate structures and example methods of form-
ing such semiconductor devices. The extended gate
spacers improve sidewall profiles of epitaxial
source/drain (S/D) regions and prevent the epitaxial S/D
regions from extending into the gate structure regions
during fabrication to avoid electrical shorting between the
epitaxial S/D regions and gate structures.
[0011] In some embodiments, the gate structures are
disposed on a fin structure of the semiconductor device
and the epitaxial S/D regions are grown within an etched
region of the fin structure. The gate structures are sep-
arated from the epitaxial S/D regions by the extended
gate spacers disposed along sidewalls of the gate struc-
tures. In some embodiments, first spacer portions of the
extended gate spacers are disposed on a fin top surface
of the fin structure and second spacer portions of the
extended gate spacers are disposed within the fin struc-
ture. The first spacer portions can have non-tapered
structures and the second spacer portions can have ta-
pered structures. The first spacer portions can protect
the gate structures during subsequent processing of ad-
jacent structures. The second spacer portions can control
the etch profiles of S/D openings formed in the fin struc-
ture for the growth of the epitaxial S/D regions in the S/D
openings. As a result, the second spacer portions control
the sidewall profiles of the epitaxial S/D regions grown
in the S/D openings and prevent the epitaxial S/D regions
from extending into the gate structure regions.
[0012] Fig. 1A illustrates an isometric view of a semi-
conductor device 100 with FETs 102A and 102B, accord-
ing to some embodiments. In some embodiments, FETs
102A and 102B can represent n-type FETs 102A and
102B (NFETs 102A and 102B) or p-type FETs 102A and
102B (PFETs 102A and 102B). The discussion of FETs
102A and 102B applies to both NFETs 102A and 102B,
and PFETs 102A and 102B, unless mentioned otherwise.
Figs. 1B and 1C illustrate cross-sectional views of FET
102A along line A-A of Fig. 1A. Fig. 1D illustrates cross-
sectional view of FET 102B along line B-B of Fig. 1A.
Figs. 1B-1D illustrate cross-sectional views of semicon-
ductor device 100 with additional structures that are not
shown in Fig. 1A for simplicity. The discussion of ele-
ments of FETs 102A and 102B with the same annotations
applies to each other, unless mentioned otherwise.
[0013] Referring to Fig. 1A, FETs 102A and 102B can
include an array of gate structures 112A and 112B dis-
posed on respective fin structures 106A and 106B, and
an array of epitaxial S/D regions 110A and 110B disposed
on portions of respective fin structures 106A and 106B
that are not covered by respective gate structures 112A
and 112B. FETs 102A and 102B can further include gate

spacers 114A-114B and 115A-115B (also referred to as
extended gate spacers 114A-114B and 115A-115B),
shallow trench isolation (STI) regions 116, etch stop lay-
ers (ESLs) 117, and interlayer dielectric (ILD) layers 118.
ILD layers 118 can be disposed on ESLs 117. In some
embodiments, gate spacers 114A-114B and 115A-115B,
STIregions 116, ESLs 117, and ILD layers 118 can in-
clude an insulating material, such as silicon oxide, silicon
nitride (SiN), silicon carbon nitride (SiCN), silicon oxycar-
bon nitride (SiOCN), and silicon germanium oxide.
[0014] FETs 102A and 102B can be formed on a sub-
strate 104. There may be other FETs and/or structures
(e.g., isolation structures) formed on substrate 104. Sub-
strate 104 can be a semiconductor material, such as sil-
icon, germanium (Ge), silicon germanium (SiGe), a sili-
con-on-insulator (SOI) structure, and a combination
thereof. Further, substrate 104 can be doped with p-type
dopants (e.g., boron, indium, aluminum, or gallium) or n-
type dopants (e.g., phosphorus or arsenic). In some em-
bodiments, fin structures 106A-106B can include a ma-
terial similar to substrate 104 and extend along an X-axis.
In some embodiments, fin structures 106A and 106B can
have similar dimensions.
[0015] Referring to Fig. 1B, FET 102A can include gate
structures 112A disposed on fin top surface 106At, epi-
taxial S/D regions 110A (one of epitaxial S/D regions
110A visible in Fig. 1B) disposed within fin structure
106A, and gate spacers 114A and 114B. Gate structures
112A can be multi-layered structures and can have a
gate pitch GP1. The gate pitch is defined as a sum of a
distance along an X-axis between adjacent gate struc-
tures (e.g., gate structures 112A) with equal gate lengths
(e.g., gate lengths GL1) and a gate length of one of the
adjacent gate structures. Each of gate structures 112A
can include an interfacial oxide (lO) layer 120, a high-k
(HK) gate dielectric layer 122 disposed on IO layer 120,
a work function metal (WFM) layer 124 disposed on HK
gate dielectric layer 122, and a gate metal fill layer 126
disposed on WFM layer 124.
[0016] IO layers 120 can include silicon oxide (SiO2),
silicon germanium oxide (SiGeOx), or germanium oxide
(GeOx). HK gate dielectric layers 122 can include (i) a
high-k dielectric material, such as hafnium oxide (HfO2,
titanium oxide (TiO2), hafnium zirconium oxide (HfZrO),
tantalum oxide (Ta2O3), hafnium silicate (HfSiO4), zirco-
nium oxide (ZrO2), and zirconium silicate (ZrSiO2), and
(ii) a high-k dielectric material having oxides of lithium
(Li), beryllium (Be), magnesium (Mg), calcium (Ca),
strontium (Sr), scandium (Sc), yttrium (Y), zirconium (Zr),
aluminum (Al), lanthanum (La), cerium (Ce), praseodym-
ium (Pr), neodymium (Nd), samarium (Sm), europium
(Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy),
holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb),
lutetium (Lu), (iii) other suitable high-k dielectric materi-
als, or (iv) a combination thereof. As used herein, the
term "high-k" refers to a high dielectric constant. In the
field of semiconductor device structures and manufac-
turing processes, high-k refers to a dielectric constant

3 4 



EP 3 944 338 A1

4

5

10

15

20

25

30

35

40

45

50

55

that is greater than the dielectric constant of SiO2 (e.g.,
greater than 3.9).
[0017] For NFET 102A, WFM layers 124 can include
a metallic material with a work function value closer to a
conduction band energy than a valence band energy of
a material of fin structure 106A. For example, WFM layers
124 can include an Al-based or Al-doped metallic mate-
rial with a work function value less than 4.5 eV (e.g.,
about 3.5 eV to about 4.4 eV), which can be closer to the
conduction band energy (e.g., 4.1 eV of Si or 3.8 eV of
SiGe) than the valence band energy (e.g., 5.2 eV of Si
or 4.8 eV of SiGe) of Si-based or SiGe-based fin structure
106A. In some embodiments, WFM layers 124 can in-
clude titanium aluminum (TiAl), titanium aluminum car-
bide (TiAlC), tantalum aluminum (TaAl), tantalum alumi-
num carbide (TaAlC), Al-doped titanium (Ti), Al-doped
titanium nitride (TiN), Al-doped tantalum (Ta), Al-doped
tantalum nitride (TaN), other suitable Al-based materials,
or a combination thereof.
[0018] For PFET 102A, WFM layers 124 can include
a metallic material with a work function value closer to a
valence band-edge energy than a conduction band-edge
energy of a material of fin structure 106A. For example,
WFM layers 124 can include a substantially Al-free (e.g.,
with no Al) metallic material with a work function value
equal to or greater than 4.5 eV (e.g., about 4.5 eV to
about 5.5 eV), which can be closer to the valence band-
edge energy (e.g., 5.2 eV of Si or 4.8 eV of SiGe) than
the conduction band-edge energy (e.g., 4.1 eV of Si or
3.8 eV of SiGe) of Si-based or SiGe-based fin structure
106A. In some embodiments, WFM layers 124 can in-
clude substantially Al-free (e.g., with no Al) Ti-based or
Ta-based nitrides or alloys, such as titanium nitride (TiN),
titanium silicon nitride (TiSiN), titanium gold (Ti-Au) alloy,
titanium copper (Ti-Cu) alloy, tantalum nitride (TaN), tan-
talum silicon nitride (TaSiN), tantalum gold (Ta-Au) alloy,
tantalum copper (Ta-Cu), and a combination thereof.
[0019] Gate metal fill layers 126 can include a suitable
conductive material, such as tungsten (W), Ti, silver (Ag),
ruthenium (Ru), molybdenum (Mo), copper (Cu), cobalt
(Co), Al, iridium (Ir), nickel (Ni), metal alloys, and a com-
bination thereof. In some embodiments, gate metal fill
layers 126 can include a substantially fluorine-free metal
layer (e.g., fluorine-free W). The substantially fluorine-
free metal layer can include an amount of fluorine con-
taminants less than about 5 atomic percent in the form
of ions, atoms, and/or molecules. In some embodiments,
gate structures 112A can be electrically isolated from
overlying interconnect structures (not shown) by gate
capping layers (not shown), which can include dielectric
nitride layers.
[0020] For NFET 102A, epitaxial S/D region 110A can
include an epitaxially-grown semiconductor material,
such as Si, and n-type dopants, such as phosphorus and
other suitable n-type dopants. For PFET 102A, epitaxial
S/D regions 110A can include an epitaxially-grown sem-
iconductor material, such as Si and SiGe, and p-type
dopants, such as boron and other suitable p-type do-

pants.
[0021] In some embodiments, gate spacers 114A and
114B can include first spacer portions 128A and 130A,
and second spacer portions 128B and 130B. First spacer
portions 128A and 130A protect gate structures 112A
during subsequent processing of adjacent structures,
such as ESLs 117, ILD layers 118, and S/D contact struc-
tures (not shown) on epitaxial S/D regions 110A. Second
spacer portions 128B and 130B control the etch profiles
of S/D openings 1042 (one of S/D openings 1042 shown
in Fig. 10A) formed in fin structure 106A for the subse-
quent growth of epitaxial S/D regions 110A in S/D open-
ings 1042, which is described in detail below. As a result,
second spacer portions 128B and 130B control the side-
wall profiles of epitaxial S/D regions 110A and prevent
epitaxial S/D regions 110A from extending into regions
of fin structure 106A under gate structures 112A. As
shown in Fig. 1B, epitaxial S/D region 110A has substan-
tially vertical sidewalls along a Z-axis and is separated
from gate structures 112A by distances D1 and D2 as a
result of second spacer portions 128B and 130B. Dis-
tances D1 and D2 can be distances between adjacent
sidewalls of gate structure 112A and of portions of epi-
taxial S/D regions 110A extending below second spacer
portions 128B and 130B. In some embodiments, distanc-
es D1 and D2 can be equal to or different from each other
and can range from about 1 nm to about 15 nm. If dis-
tances D1 and D2 are below about 1 nm, there may be
diffusion of dopants and/or other materials from epitaxial
S/D region 110A into gate structure 112A, which may
degrade device performance. On the other hand, if dis-
tances D1 and D2 are above 15 nm, the device size and
manufacturing cost increases.
[0022] First spacer portions 128A and 130A extend
above fin top surface 106At and can have non-tapered
structures. First spacer portions 128A and 130A can have
respective thicknesses T1 and T2, which can be equal
to or different from each other and can range from about
1 nm to about 10 nm to adequately protect gate structures
112A without compromising device size and manufac-
turing cost. In some embodiments, distances D1 and D2
can be equal to or different from respective thicknesses
T1 and T2.
[0023] Second spacer portions 128B and 130B extend
below fin top surface 106At by respective distances D3
and D4, which can be equal to or different from each
other. Second spacer portions 128B and 130B can have
tapered structures with first and second sidewalls facing
each other. The first sidewalls of second spacer portions
128B and 130B are adjacent to epitaxial S/D region 110A
and form angles A and B with fin top surface 106At. The
second sidewalls of second spacer portions 128B and
130B are adjacent to fin structure 106A and form angles
C and D with fin top surface 106At. Angles A and B are
also formed between the sidewalls of epitaxial S/D re-
gions 110A and fin top surface 106At.
[0024] To adequately control the sidewall profiles of
epitaxial S/D regions 110A without compromising device
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size and manufacturing cost, distances D3 and D4 range
from about 1 nm to about 10 nm, and angles A and B
range from about 15 degrees to about 90 degrees. In
addition, to adequately control the sidewall profiles of epi-
taxial S/D regions 110A, the values of thicknesses T1
and T2, distances D3 and D4, and angles A and B can
be constrained by the following conditions: (i) the differ-
ence between thicknesses T1 and T2 is between about
10 nm and about -10 nm, (ii) the difference between dis-
tances D3 and D4 is between about 10 nm and about
-10 nm, (iii) the difference between thickness T1 and dis-
tance D3 is between about 10 nm and about -10 nm, (iv)
the difference between thickness T2 and distance D4 is
between about 10 nm and about -10 nm, and (v) the
difference between angles A and B is equal to zero de-
grees or between about 0 degrees and about 60 degrees.
[0025] In some embodiments, angles C and D are
smaller than respective angles A and B and can range
from about 30 degrees to about 60 degrees. In some
embodiments, the ratio between angles A and C and be-
tween angles B and D can be about 2:1. In some em-
bodiments, epitaxial S/D regions 110A extend below sec-
ond spacer portions 128B and 130B by a distance H1
along a Z-axis and extend above second spacer portions
128B and 130B by a distance H2 along a Z-axis. In some
embodiments, distance H1 is greater than distances H2,
D3, and D4 and distance H2 is shorter than distances
D3 and D4.
[0026] In some embodiments, if angles A and B are
less than about 90 degrees (e.g., angles A and B are
between about 60 degrees and about 90 degrees), sec-
ond spacer portions 128B and 130B and epitaxial S/D
regions 110A can have cross-sectional structures as
shown in Fig. 1C, instead of those shown in Fig. 1B. In
this situation, second spacer portions 128B and 130B
extend below fin top surface 106At by distances D7 and
D8, which are shorter than distances D3 and D4. In ad-
dition, distances between adjacent sidewalls of gate
structure 112A and of portions of epitaxial S/D region
110A extending below second spacer portions 128B and
130B are distances D5 and D6, which are shorter than
distances D1 and D2, and thicknesses T1 and T2. These
portions of epitaxial S/D region 110A extending below
second spacer portions 128B and 130B can have sub-
stantially vertical sidewalls along a Z-axis as a result of
etch profile control by second spacer portions 128B and
130B during the formation of S/D openings 1042 (de-
scribed with reference to Fig. 10A). On the other hand,
the portions of epitaxial S/D regions 110A adjacent to
second spacer portions 128B and 130B can have sloped
sidewalls with angles A and B formed between the sloped
sidewalls of epitaxial S/D regions 110A and fin top sur-
face 106At.
[0027] Similar to distances D3 and D4, the values of
distances D7 and D8 can be constrained by the following
conditions: (i) the difference between distances D7 and
D8 is between about 10 nm and about -10 nm, (ii) the
difference between thickness T1 and distance D7 is be-

tween about 10 nm and about -10 nm, and (iii) the differ-
ence between thickness T2 and distance D8 is between
about 10 nm and about -10 nm.
[0028] Referring to Fig. 1D, FET 102B can include gate
structures 112B disposed on fin top surface 106Bt, epi-
taxial S/D regions 110B (one of epitaxial S/D regions
110A visible in Fig. 1D) disposed within fin structure
106B, and gate spacers 115A and 115B. The discussion
of gate structures 112A and epitaxial S/D regions 110A
applies to gate structures 112B and epitaxial S/D regions
110B, unless mentioned otherwise. Each of gate struc-
tures 112B can include an IO layer 120, HK gate dielectric
layer 122 disposed on IO layer 120, WFM layer 124 dis-
posed on HK gate dielectric layer 122, and gate metal fill
layer 126 disposed on WFM layer 124. Gate structures
112B can have gate lengths GL1 similar to gate struc-
tures 112A and can have a gate pitch GP2, which is about
2 times to about 5 times greater than GP1 of gate struc-
tures 112A. Though FETs 102A and 102B can be formed
at the same time on substrate 104 using similar opera-
tions (described below with reference to Fig. 2), the di-
mensions of epitaxial S/D regions 110B and gate spacers
115A and 115B can be different from the dimensions of
epitaxial S/D regions 110A and gate spacers 114A and
114B due to the different spacings between gate struc-
tures 112A and between gate structures 112B as a result
of different gate pitches GP1 and GP2. Due to the larger
gate pitch GP2, epitaxial S/D regions 110B can be wider
than epitaxial S/D regions 110A along an X-axis.
[0029] Similar to gate spacers 114A and 114B, gate
spacers 115A and 115B includes first spacer portions
132A and 134A, and second spacer portions 132B and
134B. First spacer portions 132A and 134A protect gate
structures 112B during subsequent processing of adja-
cent structures, such as ESLs 117, ILD layers 118, and
S/D contact structures (not shown) on epitaxial S/D re-
gions 110B. Second spacer portions 132B and 134B con-
trol the etch profiles of S/D openings (not shown) formed
in fin structure 106B for the subsequent growth of epi-
taxial S/D regions 110B in the S/D openings. As a result,
second spacer portions 132B and 134B control the side-
wall profiles of epitaxial S/D regions 110B and prevent
epitaxial S/D regions 110B from extending into regions
of fin structure 106B under gate structures 112B. As
shown in Fig. ID, epitaxial S/D region 110B has substan-
tially vertical sidewalls along a Z-axis and is separated
from gate structures 112B by distances D9 and D10 as
a result of second spacer portions 132B and 134B. Dis-
tances D9 and D10 can be distances between adjacent
sidewalls of gate structure 112B and of portions of epi-
taxial S/D regions 110B extending below second spacer
portions 132B and 134B. In some embodiments, distanc-
es D9 and D10 can be equal to or different from each
other and can range from about 1 nm to about 15 nm,
similar to distances D1 and D2 of FET 102A.
[0030] First spacer portions 132A and 134A extend
above fin top surface 106Bt and can have non-tapered
structures. First spacer portions 132A and 134A can have
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respective thicknesses T3 and T4, which can be equal
to or different from each other and can range from about
1 nm to about 10 nm to adequately protect gate structures
112B without compromising device size and manufac-
turing cost. In some embodiments, distances D9 and D10
can be equal to or different from respective thicknesses
T3 and T4. In some embodiments, thicknesses T3 and
T4 can be greater than respective thicknesses T1 and
T2 of first spacer portions 128A and 130A because a
thicker spacer material can be deposited within the wider
spacing between gate structures 112B than that depos-
ited within the narrower spacing between gate structures
112A during the simultaneous formation of gate spacers
114A-114B and 115A-115B.
[0031] Second spacer portions 132B and 134B extend
below fin top surface 106Bt by respective distances D11
and D12, which can be equal to or different from each
other. In some embodiments, distances D11 and D12
can be shorter than respective distances D3 and D4 of
second spacer portions 128A and 130A. This difference
in distances can be due to the difference in the radii of
curvatures of spacer openings 740 and 1340 (described
with reference to Figs. 7A and 13, respectively) in which
gate spacers 114A-114B and 115A-115B are formed.
Spacer opening 1340 formed by etching fin structure
106B between gate structures 112B can have a smaller
radius of curvature compared to the spacer opening 740
formed in the same operation at the same time by etching
fin structure 106A between gate structures 112A. As a
result of the smaller radius of curvature of spacer opening
1340, second spacer portions 132B and 134B extend
shorter distances D11 and D12 into fin structure 106B
compared to distances D3 and D4 of second spacer por-
tions 128B and 130B. The difference in the radii of cur-
vatures of spacer openings 740 and 1340 can be due to
the inverse relationship between the width of an etched
region and the radius of curvature of the etched region.
Since spacer opening 1340 between gate structures
112B is wider than spacer opening 740 between gate
structures 112A, spacer opening 1340 has a radius of
curvature smaller than that of spacer opening 740.
[0032] Similar to second spacer portions 128B and
130B, second spacer portions 132B and 134B can have
tapered structures with first and second sidewalls facing
each other. The first sidewalls of second spacer portions
132B and 134B are adjacent to epitaxial S/D region 110B
and form angles E and F with fin top surface 106Bt. The
second sidewalls of second spacer portions 132B and
134B are adjacent to fin structure 106B and form angles
G and H with fin top surface 106Bt. Angles E and F are
also formed between the sidewalls of epitaxial S/D re-
gions 110B and fin top surface 106Bt.
[0033] To adequately control the sidewall profiles of
epitaxial S/D regions 110B without compromising device
size and manufacturing cost, distances D11 and D12
range from about 1 nm to about 10 nm, and angles E and
F can range from about 15 degrees to about 90 degrees.
Similar to second spacer portions 128B and 130B, the

values of thicknesses T3 and T4, distances D11 and D12,
and angles E and F can be constrained by the following
conditions: (i) the difference between thicknesses T3 and
T4 is between about 10 nm and about -10 nm, (ii) the
difference between distances D11 and D12 is between
about 10 nm and about -10 nm, (iii) the difference be-
tween thickness T3 and distance D11 is between about
10 nm and about -10 nm, (iv) the difference between
thickness T4 and distance D12 is between about 10 nm
and about -10 nm, and (v) the difference between angles
E and F is equal to zero degrees or between about 0
degrees and about 60 degrees. In addition, the values
of thicknesses T1 and T4, and distances D3 and D4 and
D11 and D12, can be constrained by conditions: (i) the
difference between the difference of thicknesses T3 and
T4 and the difference of thicknesses T1 and T2 is be-
tween about 10 nm and about -10 nm, and (ii) the differ-
ence between the difference of distances D11 and D12
and the difference of distances D3 and D4 is between
about 10 nm and about -10 nm.
[0034] In some embodiments, angles G and H are
smaller than respective angles E and F and can range
from about 30 degrees to about 60 degrees. In some
embodiments, the ratio between angles E and G and
between angles F and H can be about 2:1.
[0035] Fig. 2 is a flow diagram of an example method
200 for fabricating FET 102A with cross-section as shown
in Fig. 1B, according to some embodiments. For illustra-
tive purposes, the operations illustrated in Fig. 2 will be
described with reference to the example fabrication proc-
ess for fabricating FET 102A as illustrated in Figs. 3-4
and 5A-12B. Figs. 3-4 are isometric views and Figs. 5A-
12B are cross-sectional views of FET 102A along lines
A-A and C-C of Fig. 1A at various stages of fabrication,
according to various embodiments. Operations can be
performed in a different order or not performed depend-
ing on specific applications. It should be noted that meth-
od 200 may not produce complete FET 102A. Accord-
ingly, it is understood that additional processes can be
provided before, during, and after method 200, and that
some other processes may only be briefly described
herein. Elements in Figs. 3-4 and 5A-12B with the same
annotations as elements in Figs. 1A-1C are described
above. Though method 200 describes operations for fab-
ricating FET 102A, similar operations can be performed
to fabricate FET 102B at the same time as FET 102A on
same substrate 104.
[0036] In operation 205, fin structures are formed on a
substrate. For example, as shown in Fig. 3, fin structures
106A are formed on substrate 104. The formation of fin
structures 106A can include using a lithographic pattern-
ing process on substrate 104. Similar operations can be
performed at the same time on substrate 104 to form fin
structures 106B. After the formation of fin structures
106A, STI regions 116 can be formed, as shown in Fig. 3.
[0037] Referring to Fig. 2, in operation 210, polysilicon
structures are formed on the fin structures. For example,
as described with reference to Figs. 4 and 5A-6B, poly-
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silicon structures 612 are formed on fin structures 106A.
The formation of polysilicon structures 612 can include
sequential operations of (i) depositing a polysilicon layer
412 on the structure of Fig. 3, as shown in Fig. 4, (ii)
depositing a hard mask 435 on polysilicon layer 412, as
shown in Fig. 4, (iii) depositing a masking layer 436 on
hard mask 435, as shown in Fig. 4, (iv) forming a pat-
terned masking layer 536, as shown in Fig. 5A, and (v)
etching hard mask 435 and polysilicon layer 412 through
patterned masking layer 536 to form polysilicon struc-
tures 612 with gate pitch GP1, as shown in Figs. 6A-6B.
Though similar operations can be performed at the same
time on fin structures 106B to form similar polysilicon
structures 612 on fin structures 106B, a different masking
pattern is used for the formation of the polysilicon struc-
tures on fin structures 106B to achieve gate pitch GP2
of FET 102B.
[0038] Referring to Fig. 2, in operation 215, gate spac-
ers are formed with first spacer portions along sidewalls
of the polysilicon structures and second spacer portions
within the fin structures. For example, as described with
reference to Figs. 7A-9B, gate spacers 114A and 114B
are formed with first spacer portions 128A and 130A
along sidewalls of polysilicon structures 612 and second
spacer portions 128B and 130B within fin structures
106A. The formation of gate spacers 114A and 114B can
include sequential operations of (i) forming spacer open-
ings 740, as shown in Figs. 7A-7B, by etching exposed
regions of fin structures 106A through openings 638
(shown in Fig. 6A) between polysilicon structures 612,
(ii) removing patterned masking layer 536, (iii) depositing
a spacer material layer 714 on the structures of Figs. 7A-
7B to form the structures of Figs. 8A-8B, and (iv) etching
spacer material layer 714 to form gate spacers 114A and
114B, as shown in Figs. 9A-9B.
[0039] The etching of fin structures 106A through
openings 638 can include using an etching gas, such as
sulfur hexafluoride (SF6) and carbon tetrafluoride (CF4)
with a gas mixture of chlorine, hydrogen bromide (HBr),
and helium at a pressure ranging from about 10 mtorr to
about 200 mtorr, and a bias power ranging from about
100 W to about 800 W. In some embodiments, the ratio
of etching gas SF6 or CF4 to the gas mixture can range
from about 1:10 to about 1:25. In some embodiments, if
the etching bias power is 100 W, the etching can be per-
formed at a temperature ranging from about 20 °C to
about 60 °C for a duration of about 300 seconds to about
1200 seconds. In some embodiments, if the etching bias
power is 800 W, the etching can be performed at a tem-
perature ranging from about 20 °C to about 60 °C for a
duration of about 100 seconds to about 500 seconds.
[0040] Similar etching operations can be performed si-
multaneously on exposed regions of fin structures 106B
through openings between polysilicon structures 612 of
FET 102B to form spacer openings 1340, as shown in
Fig. 13. Due to the wider spacing between polysilicon
structures 612 of FET 102B than that between polysilicon
structures 612 of FET 102A, spacer opening 1340 has a

radius of curvature smaller than a radius of curvature of
spacer 740, and spacer opening 1340 has a maximum
height H5 shorter than a maximum height H4 of spacer
opening 740. As a result, second spacer portions 132B
and 134B are formed with shorter distances D11 and
D12 into fin structure 106B, as shown in Fig 14, compared
to distances D3 and D4 of second spacer portions 128B
and 130B, as shown in Fig. 9A. Gate spacers 115A and
115B, as shown in Fig. 14, can be formed on the structure
of Fig. 13 in operations similar to the sequential opera-
tions (ii)-(iv) of forming gate spacers 114A and 114B.
[0041] Referring to Fig. 2, in operation 220, epitaxial
S/D regions are formed on the fin structures. For exam-
ple, as described with reference to Figs. 10A-11B, epi-
taxial S/D regions 110A are formed in fin structures 106A.
The formation of epitaxial S/D regions 110A can include
sequential operations of (i) forming S/D opening 1042,
as shown in Fig. 10A, and (ii) epitaxially growing a sem-
iconductor material within S/D opening 1042 to form epi-
taxial S/D regions 110A, as shown in Figs. 11A-11B. The
formation of S/D opening 1042 can include etching fin
structures 106A through spacer opening 740 and extend-
ing spacer opening 740 by distance H1 below second
spacer portions 128A and 130B, as shown in Fig. 10A.
The formation of epitaxial S/D regions 110A can be fol-
lowed by the formation of ESL 117 and ILD layer 118, as
shown in Figs. 12A-12B.
[0042] Referring to Fig. 2, in operation 225, polysilicon
structures are replaced with gate structures. For exam-
ple, as shown in Fig. 12A, polysilicon structures 612 and
hard mask 435 are replaced with gate structures 112A.
The replacement of polysilicon structures 612 and hard
mask 435 are replaced with gate structures 112A can
include sequential operations of (i) etching hard mask
435, (ii) etching polysilicon structures 612 to form gate
openings (not shown), (iii) forming IO layers 120 on fin
structures 106A within the gate openings, as shown in
Fig. 12A, (iv) depositing HK gate dielectric layer 122 on
IO layers 120, (v) deposing WFM layer 124 on HK gate
dielectric layer 122, (vi) depositing gate metal fill layer
126 on WFM layer 124, and (vi) performing a chemical
mechanical polishing (CMP) process to substantially co-
planarize top surfaces of HK gate dielectric layer 122,
WFM layer 124, and gate metal fill layer 126 with top
surface of ILD layer 118, as shown in Fig. 12A.
[0043] The present disclosure provides example sem-
iconductor devices (e.g., FETs 102A and 102B) with ex-
tended gate spacers (e.g., gate spacers 114A-114B and
115A-115B) in gate structures (e.g., gate structures 112A
and 112B) and example methods (e.g., method 200) of
forming such semiconductor devices. The extended gate
spacers improve sidewall profiles of epitaxial
source/drain (S/D) regions (e.g., epitaxial S/D regions
110A and 110B) and prevent the epitaxial S/D regions
from extending into the gate structure regions during fab-
rication to avoid electrical shorting between the epitaxial
S/D regions and gate structures.
[0044] In some embodiments, the gate structures are
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disposed on a fin structure (e.g., fin structures 106A and
106B) of the semiconductor device and the epitaxial S/D
regions are grown within an etched region of the fin struc-
ture. The gate structures are separated from the epitaxial
S/D regions by the extended gate spacers disposed
along sidewalls of the gate structures. In some embodi-
ments, first spacer portions (e.g., first spacer portions
128A-130A and 132A-134A) of the extended gate spac-
ers are disposed on a fin top surface (e.g., fin top surfaces
106At and 106Bt) of the fin structure and second spacer
portions (e.g., second spacer portions 128B-130B and
132B-134B) of the extended gate spacers are disposed
within the fin structure. The first spacer portions can have
non-tapered structures and the second spacer portions
can have tapered structures. The first spacer portions
can protect the gate structures during subsequent
processing of adjacent structures. The second spacer
portions can control the etch profiles of S/D openings
(e.g., S/D openings 1042) formed in the fin structure for
the growth of the epitaxial S/D regions in the S/D open-
ings. As a result, the second spacer portions control the
sidewall profiles of the epitaxial S/D regions grown in the
S/D openings and prevent the epitaxial S/D regions from
extending into the gate structure regions.
[0045] In some embodiments, a semiconductor device
includes a substrate, a fin structure with a fin top surface
disposed on the substrate, a source/drain (S/D) region
disposed on the fin structure, a gate structure disposed
on the fin top surface, and a gate spacer with first and
second spacer portions disposed between the gate struc-
ture and the S/D region. The first spacer portion extends
above the fin top surface and is disposed along a sidewall
of the gate structure. The second spacer portion extends
below the fin top surface and is disposed along a sidewall
of the S/D region.
[0046] In some embodiments, a semiconductor device
includes a substrate, a fin structure with a fin top surface
disposed on the substrate, a source/drain (S/D) region
disposed within the fin structure, a gate structure dis-
posed on the fin top surface, and a gate spacer with first
and second spacer portions disposed between the gate
structure and the S/D region. The first spacer portion is
a non-tapered structure and extends above the fin top
surface. The second spacer portion is a tapered structure
and is disposed within the fin structure.
[0047] In some embodiments, a method includes form-
ing a fin structure with a fin top surface on a substrate,
forming first and second polysilicon structures on the fin
top surface, forming a spacer opening within the fin struc-
ture and between the first and second polysilicon struc-
tures, forming a gate spacer, forming a S/D region be-
tween the first and second polysilicon structures, and re-
placing the first and second polysilicon structure with first
and second gate structures. The forming the gate spacer
includes forming a first spacer portion of the gate spacer
along a sidewall of the first polysilicon structure, and form-
ing a second spacer portion of the gate spacer within the
spacer opening.

[0048] The foregoing disclosure outlines features of
several embodiments so that those skilled in the art may
better understand the aspects of the present disclosure.
Those skilled in the art should appreciate that they may
readily use the present disclosure as a basis for designing
or modifying other processes and structures for carrying
out the same purposes and/or achieving the same ad-
vantages of the embodiments introduced herein. Those
skilled in the art should also realize that such equivalent
constructions do not depart from the spirit and scope of
the present disclosure, and that they may make various
changes, substitutions, and alterations herein without de-
parting from the spirit and scope of the present disclo-
sure.

Claims

1. A semiconductor device, comprising:

a substrate;
a fin structure with a fin top surface disposed on
the substrate;
a source/drain (S/D) region disposed on the fin
structure;
a gate structure disposed on the fin top surface;
and
a gate spacer with first and second spacer por-
tions disposed between the gate structure and
the S/D region,
wherein the first spacer portion extends above
the fin top surface and is disposed along a side-
wall of the gate structure, and
wherein the second spacer portion extends be-
low the fin top surface and is disposed along a
sidewall of the S/D region.

2. The semiconductor device of claim 1, wherein the
second spacer portion has a tapered structure.

3. The semiconductor device of claim 1, wherein the
first spacer portion has a non-tapered structure.

4. The semiconductor device of claim 1, wherein a first
sidewall of the second spacer portion is adjacent to
the fin structure and a second sidewall of the second
spacer portion is adjacent to the S/D region.

5. The semiconductor device of claim 1, wherein the
second spacer portion has a sloped sidewall adja-
cent to the fin structure and a substantially vertical
sidewall adjacent to the S/D region.

6. The semiconductor device of claim 1, wherein the
second spacer portion is disposed within the fin
structure.

7. The semiconductor device of claim 1, wherein the
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second spacer is disposed between the fin structure
and the S/D region.

8. The semiconductor device of claim 1, wherein a side-
wall of the second spacer portion and the fin top sur-
face form an angle that ranges from about 15 de-
grees to about 90 degrees.

9. The semiconductor device of claim 1, wherein a first
portion of the S/D region is disposed within the fin
structure and a second portion of the S/D region ex-
tends above the fin top surface, and
wherein sidewalls of the first portion are substantially
vertical.

10. The semiconductor device of claim 1, wherein the
first spacer portion is disposed along a portion of the
S/D region that extends above the fin top surface.
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