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SEMICONDUCTOR DEVICE AND METHOD
OF FABRICATING THE SAME

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATION

This [U.S. non-provisional patent application] application

is a reissue for U.S. Pat. No. 10/784,376 issued on Sep. 22,
2020, which 1s a continuation of U.S. patent application Ser.

No. 16/111,854, filed Aug. 24, 2018, now U.S. Pat. No.
10/411,131, granted on Sep. 10, 2019, which 1s a continu-
ation of U.S. patent application Ser. No. 15/288,080, filed on
Oct. 7, 2016, now U.S. Pat. No. 10,090,413, 1ssued on Oct.
2, 2018, which claims the benefit of Korean Patent Appli-
cation No. 10-2015-0148961, filed on Oct. 26, 2015, 1n the

Korean Intellectual Property Office, the entire contents of
cach of the above-referenced applications are hereby incor-
porated by reference.

BACKGROUND

1. Field

Example embodiments of the present disclosure relate to
a semiconductor device with a field eflect transistor and a
method of fabricating the same.

2. Description of the Related Art

Due to their relatively small-size, multi-functionality,
and/or relatively low-cost characteristics, semiconductor
devices are considered important elements 1n the electronic
industry. The semiconductor devices may be classified into
a memory device for storing data, a logic device for pro-
cessing data, and a hybnid device including both memory
and logic eclements. To meet the increased demand {for
clectronic devices with relatively fast speed and/or relatively
low power consumption, semiconductor devices with rela-
tively high reliability, relatively high performance, and/or
multiple functions are needed. To satisly these techmnical
requirements, semiconductor devices require increased
complexity and/or integration density.

SUMMARY

Some example embodiments of the inventive concepts
provide a semiconductor device, in which a field eflect
transistor with improved electric characteristics 1s provided.

Some example embodiments of the inventive concepts
provide a method of fabricating a semiconductor device, in
which a field eflect transistor with improved electric char-
acteristics 1s provided.

According to some example embodiments of the mven-
tive concepts, a semiconductor device includes first and
second active patterns protruding upward from a substrate,
a gate electrode crossing the first and second active patterns
and extending 1n a first direction, a first source/drain region
on the first active pattern and on at least one side of the gate
clectrode, and a second source/drain region on the second
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2

active pattern and on at least one side of the gate electrode.
The second source/drain region may have a conductivity
type diflerent from that of the first source/drain region, and
the second source/drain region may have a second bottom
surface 1 contact with a second top surface of the second
active pattern and at a lower level than a first bottom surface
of the first source/drain region 1n contact with a first top
surface of the first active pattern. The first top surface of the
first active pattern may have a first width, and the second top
surface of the second active pattern may have a second width
greater than the first width.

In some example embodiments, the first active pattern and
the first source/drain region may constitute an NMOSFET,
and the second active pattern and the second source/drain
region may constitute a PMOSFET.

In some example embodiments, the first and second active
patterns may include first and second channel regions,
respectively, when viewed 1n a plan view. The gate electrode
may overlap the first and second channel regions. A surface
area directly contacting the second channel region and the
second source/drain region may be greater than a surface
area directly contacting the first channel region and the first
source/drain region.

In some example embodiments, the first and second
channel regions may have top surfaces at a same level.

In some example embodiments, the first source/drain
region may include a material having a first lattice constant
equal to or smaller than that of the substrate, and the second
source/drain region may include a material having a second
lattice constant greater than that of the substrate.

In some example embodiments, a maximum width of the
first source/drain region 1n the first direction may be a third
width, and a maximum width of the second source/drain
region in the first direction may be a fourth width different
from the third width.

In some example embodiments, the device may further
include a device isolation pattern on the substrate filling a
gap region between the first and second active patterns. The
device 1solation pattern may include a first portion having a
top surface, the gate electrode may overlap the first portion
in a plan view, and a second portion on at least one side of
the gate electrode, and the second portion may define a
recess region having a bottom surface lower than the top
surface of the first portion.

In some example embodiments, the bottom surface of the
recess region may be lower than the first and second bottom
surfaces of the first and second source/drain regions.

In some example embodiments, the device may further
include an etch stop layer covering the first and second
source/drain regions and the device isolation pattern. The
etch stop layer may directly cover an inner surface of the
recess region.

In some example embodiments, the device may further
include gate spacers on opposite sides of the gate electrode
and a gate 1nsulating pattern between the gate electrode and
the first and second active patterns, and between the gate
clectrode and the gate spacers.

According to some example embodiments of the inven-
tive concepts, a semiconductor device includes a pair of first
active patterns and a pair of second active patterns protrud-
ing upward from a substrate, device 1solation patterns filling
trenches between the first and second active patterns, a gate
clectrode crossing the first and second active patterns and
extending in a first direction, a pair of first source/drain
regions on respective ones of the first active patterns and on
at least one side of the gate electrode, and a pair of second
source/drain regions on respective ones of the second active
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patterns and on at least one side of the gate electrode. Each
of the first source/drain regions has a first bottom surface 1n
contact with respective first top surfaces of the first active
patterns. Fach of the second source/drain regions having a
second bottom surface 1n contact with respective second top
surfaces of the second active patterns. Each of the first top
surfaces of the first active patterns has a first width 1n the first
direction and each of the second top surfaces of the second
active patterns has a second width greater than the first width
in the first direction.

In some example embodiments, the first active patterns
may include upper portions configured to serve as channel
regions of an NMOSFET, and the second active patterns
may include upper portions configured to serve as channel

regions of a PMOSFET.

In some example embodiments, a distance between the
pair of first active patterns in the first direction may be a first
length, a distance between the pair of second active patterns
in the first direction may be a second length longer than the
first length, and a distance between an adjacent pair of the
first and second active patterns may be a third length longer
than the second length.

In some example embodiments, a surface area directly
contacting a corresponding pair of the second source/drain
regions and the second active patterns may be greater than
a surface area directly contacting a corresponding pair of the
first source/drain regions and the first active patterns.

In some example embodiments, each of the device 1sola-
tion patterns may include first portions overlapped by the
gate electrode 1n a plan view and a second portion on at least
one side of the gate electrode. A first of the second portions
of the device 1solation patterns may include a first recess
region between the pair of first active patterns, and a second
of the second portions of the device 1solation patterns may
include a second recess region between the pair of second
active patterns. A bottom surface of the first recess region
may be higher than a bottom surface of the second recess
region.

In some example embodiments, a third of the second
portions may include a third recess region between an
adjacent pair of the first active pattern and the second active
pattern, and the bottom surface of the second recess region
may be higher than a bottom surface of the third recess
region.

In some example embodiments, the first source/drain
regions may be connected to form an integral structure
defining at least one first air gap, and the {irst air gap may
be directly enclosed by the first source/drain regions and the
device 1solation patterns.

In some example embodiments, the device may further
include an etch stop layer covering the first and second
source/drain regions and the device 1solation patterns. The
ctch stop layer may seal a gap region between the pair of
second source/drain regions to define at least one second air
gap below the second source/drain regions. The second air
gap may be enclosed by the etch stop layer.

In some example embodiments, a volume of the second
air gap may be larger than a volume of the first air gap.

In some example embodiments, the device may further
include first residue patterns adjacent to interfaces between
the second active patterns and the second source/drain
regions. The first residue patterns may be between the pair
of second active patterns.

In some example embodiments, at least one of the second
source/drain regions may bend toward an adjacent one of the
first source/drain regions.
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In some example embodiments, the device may further
include second residue patterns adjacent to 1interfaces
between the first active patterns and the first source/drain
regions. The second residue patterns may be on opposite
sides of a lower portion of at least one of the first source/
drain regions.

According to some example embodiments of the mven-
tive concepts, a semiconductor device includes a substrate
including a first region and a second region spaced apart
from each other, a plurality of fin-shaped {irst active patterns
on the first region of the substrate and spaced apart from
cach other by a first distance, a plurality of fin-shaped
second active patterns on the second region of the substrate
and spaced apart from each other by a second distance
smaller than the first distance, a first gate electrode crossing
the first active patterns and extending in a first direction, a
second gate electrode crossing the second active patterns
and extending in the first direction, first source/drain regions
on respective ones of the first active patterns and on at least
one side of the first gate electrode, and second source/drain
regions on respective ones of the second active patterns and
on at least one side of the second gate electrode. The first and
second active patterns may have the same conductivity type,
the first source/drain regions may be spaced apart from each
other in the first direction, and the second source/drain
regions may be connected to each other to form an integral
structure arranged in the first direction.

In some example embodiments, the first and second active
patterns may include upper portions configured to serve as
channel regions of a PMOSFET.

In some example embodiments, the first region may be an
SRAM region on which memory cells are provided, and the
second region may be a logic region on which a logic circuit
are provided.

In some example embodiments, the device may further
include device 1solation patterns filling trenches between the
first active patterns and between the second active patterns,
and at least one air gap enclosed by the device 1solation
patterns and the second source/drain regions forming the
integral structure.

In some example embodiments, each of the device 1sola-
tion patterns may include a first portion overlapped by one
of the first and second gate electrodes, and a second portion
on at least one side of the one of the first and second gate
clectrodes. A first of the second portions of the device
1solation patterns may include a first recess region between
an adjacent pair of the first active patterns, a second of the
second portions of the device 1solation patterns may include
a second recess region between an adjacent pair of the
second active patterns, and a bottom surface of the first
recess region may be higher than a bottom surface of the
second recess region.

In some example embodiments, the device may further
include an etch stop layer on the first and second regions to
cover the first and second source/drain regions and the
device 1solation patterns. The air gap may be separated from
the etch stop layer.

According to some example embodiments of the inven-
tive concepts, a method of fabricating a semiconductor
device 1mcludes patterning an upper portion of a substrate to
form first and second active patterns protruding upward
from the substrate, forming a sacrificial gate pattern to cross
the first and second active patterns and extend 1n a first
direction, recessing upper portions of the first and second
active patterns on at least one side of the sacrificial gate
pattern such that the second active pattern has a top surface
lower than a top surface of the first active pattern, forming
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first and second source/drain regions on the recessed upper
portions of the first and second active patterns, respectively,
the first and second source/drain regions being doped to
have conductivity types diflerent from each other, and
replacing the sacrificial gate pattern with a gate electrode.

In some example embodiments, the patterning of the
upper portion of the substrate may include patterning an
NMOSFET region of the substrate to form the first active
pattern and patterning a PMOSFET region of the substrate
to form the second active pattern.

In some example embodiments, the method may further
include forming a device 1solation pattern on the substrate to
{11l a gap region between the first and second active patterns
and recessing an upper portion of the device 1solation pattern
on a side of the sacrificial gate pattern to form a recess
region.

In some example embodiments, the method may further
include forming an etch stop layer on the substrate to cover
the first and second source/drain regions and the device
1solation pattern. The etch stop layer may directly cover an
inner surface of the recess region.

In some example embodiments, the method may further
include forming a gate spacer layer on the substrate and
anmisotropically etching the gate spacer layer to form gate
spacers on opposite side surfaces of the sacrificial gate
pattern.

In some example embodiments, recessing the upper por-
tions of the first and second active patterns may allow a
portion of the gate spacer layer configured to serve as a
residue pattern to remain on at least one of the recessed
upper portions of the first and second active patterns.

In some example embodiments, the method may further
include forming an interlayered insulating layer on the
substrate, forming contact holes to penetrate the interlayered
insulating layer and expose the first and second source/drain
regions, respectively, and forming source/drain contacts to
{111 the contact holes. Upper portions of the first and second
source/drain regions may be etched when the contact holes
are formed.

According to some example embodiments of the imnven-
tive concepts, a semiconductor device includes a first MOS-
FET structure including at least one first active pattern
protruding upward from a substrate and at least one first
source/drain region having a first bottom surface contacting
a first top surface of the first active pattern, and a second
MOSFET structure including at least one second active
pattern protruding upward from a substrate and at least one
second source/drain region having a second bottom surface
contacting a second top surface of the second active pattern
and at a lower level than the first bottom surface, the second
source/drain region having a diflerent shape than the first
source/drain region. The first top surface of the first active
pattern has a first width, and the second top surface of the
second active pattern has a second width greater than the
first width.

The first source/drain region may include a materal
having a first lattice constant equal to or smaller than that of
the substrate, and the second source/drain region may
include a material having a second lattice constant greater
than that of the substrate.

A maximum width of the first source/drain region may be
a third width and a maximum width of the second source/
drain region may be a fourth width different from the third
width.

The at least one first active pattern may be a pair of first
active patterns and a distance between the pair of first active
patterns 1s a first length, the at least one second active pattern
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1s a pair of second active patterns and a distance between the
pair of second active patterns 1s a second length longer than
the first length, and a distance between the pair of first active
patterns and the pair of second active patterns 1s a third
length longer than the second length.

BRIEF DESCRIPTION OF THE DRAWINGS

Example embodiments will be more clearly understood
from the following brief description taken in conjunction
with the accompanying drawings. The accompanying draw-
ings represent non-limiting, example embodiments as
described herein.

FIG. 1 1s a plan view 1llustrating a semiconductor device
according to some example embodiments of the iventive
concepts.

FIGS. 2A to 2D are sectional views taken along lines
A-A', B-B', C-C', D-D', and E-E' of FIG. 1.

FIG. 3 1s a plan view illustrating a method of fabricating
a semiconductor device according to some example embodi-
ments of the mventive concepts.

FIGS. 4A to 4C are sectional views taken along lines
A-A', B-B', C-C', and D-D' of FIG. 3.

FIG. § 1s a plan view 1llustrating a method of fabricating
a semiconductor device according to some example embodi-
ments of the mventive concepts.

FIGS. 6A to 6D are sectional views taken along lines
A-A', B-B', C-C', D-D', and E-E' of FIG. 3.

FIGS. 7A to 7D are sectional views taken along lines
A-A', B-B', C-C', D-D', and E-E' of FIG. 3.

FIG. 8 1s a plan view 1illustrating a method of fabricating
a semiconductor device according to some example embodi-
ments of the mventive concepts.

FIGS. 9A to 9D are sectional views taken along lines
A-A', B-B', C-C', D-D', and E-E' of FIG. 8.

FIG. 10 1s a sectional view that 1s taken along line D-D'
of FIG. 1 to illustrate a semiconductor device according to
some example embodiments of the inventive concepts.

FIG. 11 1s a sectional view that 1s taken along line D-D'
of FIG. 1 to illustrate a semiconductor device according to
some example embodiments of the inventive concepts.

FIG. 12 1s a sectional view that i1s taken along line D-D'
of FIG. 1 to illustrate a semiconductor device according to
some example embodiments of the inventive concepts.

It should be noted that these figures are intended to
illustrate the general characteristics of methods, structure
and/or materials utilized 1n certain example embodiments
and to supplement the written description provided below.
These drawings are not, however, to scale and may not
precisely retlect the precise structural or performance char-
acteristics of any given embodiment, and should not be
interpreted as defimng or limiting the range of values or
properties encompassed by example embodiments. For
example, the relative thicknesses and positioning of mol-
ecules, layers, regions and/or structural elements may be
reduced or exaggerated for clarity. The use of similar or
identical reference numbers in the various drawings 1is

intended to indicate the presence of a similar or i1dentical
clement or feature.

DETAILED DESCRIPTION

The inventive concepts will now be described more fully
hereinafter with reference to the accompanying drawings, in
which example embodiments of the mventive concepts are
shown. The mventive concepts and methods of achieving
them will be apparent from the following example embodi-
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ments that will be described in more detail with reference to
the accompanying drawings. Example embodiments of the
iventive concepts may, however, be embodied 1n different
forms and should not be constructed as limited to the
embodiments set forth herein. Rather, these embodiments
are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the inventive
concepts to those skilled 1n the art.

As used herein, the singular terms ““a,” “an” and “the” are
intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be understood
that when an element 1s referred to as being “connected” or
“coupled” to another element, 1t may be directly connected
or coupled to the other element or intervening elements may
be present.

Similarly, 1t will be understood that when an element such
as a layer, region or substrate 1s referred to as being “on”
another element, 1t can be directly on the other element or
intervening elements may be present. In contrast, the term
“directly” means that there are no intervening eclements.
Additionally, the embodiment 1n the detailed description
will be described with sectional views as ideal example
views ol the inventive concepts. Accordingly, shapes of the
example views may be modified according to manufacturing
techniques and/or allowable errors. Therefore, the embodi-
ments of the mventive concepts are not limited to the
specific shape illustrated i1n the example views, but may
include other shapes that may be created according to
manufacturing processes.

Example embodiments of the present inventive concepts
explained and 1llustrated herein include their complemen-
tary counterparts. The same reference numerals or the same
reference designators denote the same elements throughout
the specification.

It will be understood that when an element 1s referred to
as being “connected” or “coupled” to another element, 1t can
be directly connected or coupled to the other element or
intervening elements may be present. In contrast, when an
clement 1s referred to as being “directly connected” or
“directly coupled” to another element, there are no inter-
vening elements present. Other words used to describe the
relationship between elements or layers should be inter-
preted 1n a like fashion (e.g., “between™ versus “directly
between,” “adjacent” versus “directly adjacent,” “on” versus
“directly on”). As used herein the term “and/or” includes any
and all combinations of one or more of the associated listed
items.

Spatially relative terms, such as “beneath,” “below,”
“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. It will be understood that the spatially relative
terms are intended to encompass diflerent orientations of the
device 1n use or operation in addition to the orientation
depicted 1n the figures. For example, 1f the device i the
figures 1s turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the term
“below” can encompass both an orientation of above and
below. The device may be otherwise ornented (rotated 90
degrees or at other ornientations) and the spatially relative
descriptors used herein iterpreted accordingly.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not mtended to be
limiting of example embodiments. As used herein, the
singular forms ““a,” “an” and “the” are intended to include
the plural forms as well, unless the context clearly indicates
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otherwise. It will be further understood that the terms

“comprises’, “‘comprising”’, “includes” and/or “including,”
if used herein, specity the presence of stated features,
integers, steps, operations, elements and/or components, but
do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components
and/or groups thereof. Expressions such as “at least one of,”
when preceding a list of elements, modify the entire list of
clements and do not modily the individual elements of the
list.

Example embodiments are described herein with refer-
ence to cross-sectional illustrations that are schematic 1llus-
trations of i1dealized embodiments (and intermediate struc-
tures) of example embodiments. As such, variations from the
shapes of the illustrations as a result, for example, of
manufacturing techniques and/or tolerances, are to be
expected. Thus, example embodiments should not be con-
strued as limited to the particular shapes of regions 1llus-
trated herein but are to include deviations in shapes that
result, for example, from manufacturing. For example, an
etched region or an implanted region 1illustrated as a rect-
angle may have rounded or curved features. Thus, the
regions illustrated 1n the figures are schematic 1n nature and
their shapes are not intended to 1llustrate the actual shape of
a region of a device and are not intended to limait the scope
ol example embodiments.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill 1n the art to
which the inventive concepts belong. It will be further
understood that terms, such as those defined 1n commonly
used dictionaries, should be interpreted as having a meanming
that 1s consistent with theirr meaning 1n the context of the
relevant art and will not be nterpreted 1 an 1dealized or
overly formal sense unless expressly so defined herein.

FIG. 1 1s a plan view 1llustrating a semiconductor device
according to some example embodiments of the inventive
concepts. FIGS. 2A to 2D are sectional views taken along
lines A-A', B-B', C-C', D-D', and E-E' of FIG. 1.

Referrmg to FIGS. 1 and 2A to 2D a substrate 100 with
a first region R1 and a second region R2 may be provided.
The substrate 100 may be a semiconductor substrate. In
example embodiments, the substrate 100 may be a silicon
substrate, a germanium substrate, or a silicon-on-insulator
(SOI) substrate. The first region R1 may be a part of a
memory cell region, on which a plurality of memory cells
for storing data are provided. As an example, a plurality of
6T SRAM cells, each of which includes six transistors, may
be provided on the first region R1. The second region R2
may be a part ol a logic cell region, on which logic
transistors constituting a logic circuit are provided. As an
example, logic transistors for a processor core or I/O termi-
nals may be provided on the second region R2. But, the
inventive concepts are not limited thereto. Heremnaftter, the

first region R1 will be described in more detail.
Referring back to FIGS. 1 and 2A to 2C, the first region

R1 may include a first NMOSFET region NR1 and a first
PMOSFET region PR1. The first NMOSFET region NR1
may be an active region for an n-type transistor, and the first
PMOSFET region PR1 may be an active region for a p-type
transistor. In example embodiments, the substrate 100 may
include a plurality of the first NMOSFET regions NR1 and
a plurality of the first PMOSFET regions PR1 which are
arranged 1n a first direction D1.

Active patterns AP1 and AP2 may be provided on the first
region R1. For example, first active patterns AP1 protruding
from the substrate 100 may be provided on the first NMOS-
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FET region NR1 of the first region R1. The first active
patterns AP1 may be arranged in the first direction D1 and
may be line-shaped structures extending 1n a second direc-
tion D2 crossing the first direction D1.

Second active patterns AP2 protruding from the substrate
100 may be provided on the first PMOSFET region PR1 of
the first region R1. The second active patterns AP2 may be
arranged 1n the first direction D1 and may be line-shaped
structures extending 1n the second direction D2. Widths of
the first and second active patterns AP1 and AP2 may
increase with increasing distance from the substrate 100,
when measured 1n the first direction D1.

The active patterns AP1 and AP2 on the first region R1
may be spaced apart from each other 1n the first direction D1,
and distances between the active patterns AP1 and AP2 may
be different from each other. For example, a pitch between
the first active patterns AP1 on the first NMOSFFET region
NR1 may be a first length L1, when measured in the first
direction D1. A pitch between the second active patterns
AP2 on the first PMOSFET region PR1 may be a second
length 1.2, when measured 1n the first direction D1. A pitch
between an adjacent pair of the first and second active
patterns AP1 and AP2 may be a third length L3, when
measured 1n the first direction D1. The second length 1.2
may be longer than the first length L1, and the third length
[.3 may be longer than the second length [.2. Each of the first
to third lengths L1, L2, and L3 may be a center-to-center
distance between an adjacent pair of the active patterns.

Second device 1solation patterns ST2 may be provided to
f1ll trenches between the first active patterns AP1 and
between the second active patterns AP2. In other words, the
second device 1solation patterns ST2 may be provided to
define the first and second active patterns AP1 and AP2. The
first and second active patterns AP1 and AP2 may include
first and second active fins AF1 and AF2, whose top surfaces
are higher than the second device isolation patterns ST2.

First device 1solation patterns ST1 may be provided at
opposite sides of the first NMOSFET region NR1 and the
first PMOSFET region PR1. The first device 1solation pat-
terns ST1 may be provided to separate the first NMOSFET
regions NR1 and the first PMOSFET region PR1 shown in
FIG. 2 from other MOSFET regions.

The first and second device isolation patterns ST1 and
ST2 may be substantially connected to each other to form a
single insulating pattern. A thickness of the first device
1solation patterns ST1 may be greater than that of the second
device 1solation patterns ST2. In example embodiments, the
first and second device 1solation patterns ST1 and ST2 may
be formed by different processes. In example embodiments,
the first and second device 1solation patterns ST1 and ST2
may be formed at the same time using the same process and
may have substantially the same thickness. The first and
second device isolation patterns ST1 and ST2 may be
formed 1n an upper portion of the substrate 100. The first and
second device 1solation patterns ST1 and ST2 may be
formed of or include a silicon oxide layer.

Each of the second device 1solation patterns ST2 may
include a first portion P1, which 1s provided below a gate
clectrode GE to be described below and second portions P2,
which are provided at opposite sides of the gate electrode
GE. Fach of the second portions P2 of the second device
1solation patterns ST2 may have a recessed top surface. For
example, the second portions P2 may be provided to define
recess regions RS1, RS2, and RS3. Referring back to FIG.
2C, the recess regions RS1, RS2, and RS3 may include first
recess regions RS1 between the first active patterns AP1,

second recess regions RS2 between the second active pat-
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terns AP2, and third recess regions RS3 between the first and
second active patterns AP1 and AP2 adjacent to each other.

The first to third recess regions RS1-RS3 may be provided
to have a recess depth that 1s dependent on a pattern density.
For example, the recess depth may be smaller between the
first active patterns AP1 spaced at a small distance than
between the active patterns spaced at a larger distance. As an
example, bottom surfaces of the first recess regions RS1 may
be higher than those of the second recess regions RS2. This
may be because that the second length 1.2 1s longer than the
first length 1. In addition, the bottom surfaces of the second
recess regions RS2 may be higher than those of the third
recess regions RS3. This may be because that the third
length L3 1s longer than the second length L2.

Gate electrodes GE may be provided on the first and
second active patterns AP1 and AP2 to extend in the first
direction D1 and to cross the first and second active patterns
AP1 and AP2. The gate electrodes GE may cover top and
side surfaces of the first and second active patterns AP1 and
AP2. The gate electrodes GE may be spaced apart from each
other 1n the second direction D2. The gate electrodes GE
may extend 1n the first direction D1 to cross both of the first
and second device 1solation patterns ST1 and ST2.

Interface layers IL may be respectively interposed
between the first and second active patterns AP1 and AP2
and the gate electrodes GE. A gate insulating pattern GI may
be provided between a corresponding pair of the interface
layers IL and the gate electrodes GE. Gate spacers GS may
be provided at opposite sides of each of the gate electrodes
GE. A capping pattern GP may be provided to cover a top
surface of each of the gate electrodes GE. The interface layer
IL. may directly cover top surfaces of the active patterns AP1
and AP2 (e.g., top surfaces of channel regions CH1 and CH2
to be described below). The gate msulating pattern GI may
be disposed between the gate electrode GE and the gate
spacers OS. The gate msulating pattern GI may be horizon-
tally extended from the active patterns AP1 and AP2 along
the gate electrode GE to directly cover top surfaces of the
first portions P1 of the second device 1solation patterns ST2.

In example embodiments, although not shown, the gate
spacers GS may have an ‘L’ -shaped section, when viewed 1n
a sectional view taken in the second direction D2. For
example, each of the gate spacers GS may include a vertical
portion covering a side surface of the gate electrode GE and
a horizontal portion covering the top surface of the active
pattern AP1 or AP2.

The gate electrodes GE may include at least one of doped
semiconductor materials, conductive metal nitrides (e.g.,
titanium nitride or tantalum nitride), or metals (e.g., alumi-
num or tungsten). The interface layer IL may include a
silicon oxide layer. The gate insulating patterns GI may
include at least one of a silicon oxide layer, a silicon
oxynitride layer, and high-k dielectric layers (e.g., hatnium
oxide, hafnium silicate, zirconium oxide, or zirconium sili-
cate) having dielectric constants higher than that of the
silicon oxide layer. Each of the capping patterns GP and the
gate spacers GS may include at least one of a silicon oxide
layer, a silicon nitride layer, or a silicon oxynitride layer.

Source/drain regions SD1 and SD2 may be provided on
the first and second active patterns AP1 and AP2 positioned
at opposite sides of each of the gate electrodes GE. For
example, first source/drain regions SD1 may be provided on
the first active patterns AP1 at opposite sides of each of the
gate electrodes GE. Second source/drain regions SD2 may
be provided on the second active patterns AP2 at opposite
sides of each of the gate electrodes GE. As an example, the

first source/drain regions SD1 on the first NMOSFET region
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NR1 may have n-type conductivity, and the second source/
drain regions SD2 on the first PMOSFET region PR1 may
have p-type conductivity.

The first active fins AF1 on the first active patterns AP1
may have first channel regions CHI1 interposed between the
first source/drain regions SD1. The second active fins AF2
on the second active patterns AP2 may have second channel
regions CH2 interposed between the second source/drain
regions SD2. Each of the first channel regions CH1 may
connect a pair of the first source/drain regions SD1 with each
other. Each of the second channel regions CH2 may connect
a pair of the second source/drain regions SD2 with each
other. The first and second channel regions CH1 and CH2
may be positioned below and overlapped with the gate
clectrodes GE.

The first and second source/drain regions SD1 and SD?2
may be epitaxial patterns, which are respectively grown
using the first and second active patterns AP1 and AP2 as a
seed layer. In example embodiments, the first source/drain
regions SD1 may include a material capable of exerting a
tensile strain to the first channel regions CHI1, and the
second source/drain regions SD2 may include a material
capable of exerting a compressive strain to the second
channel regions CH2. For example, in the case where the
substrate 100 1s a silicon substrate, the first source/drain
regions SD1 may include a SiC layer having a lattice
constant smaller than S1 or a S1 layer having substantially the
same lattice constant as the substrate 100. The second
source/drain region SD2 may include a S1Ge layer having a
lattice constant larger than Si.

In a sectional view, the first source/drain regions SD1 may
have a different shape from the second source/drain regions
SD2, as shown 1n FIG. 2C. As described above, this 1s
because the first and second source/drain regions SD1 and
SD2 are formed of different materials grown through an
epitaxial growth process. For example, the maximum width
in the first direction D1 of the first source/drain regions SD1
may be a third width W3, and the maximum width 1n the first
direction D1 of the second source/drain regions SD2 may be
a fourth width W4 that 1s diflerent from the third width W3.

In example embodiments, the first source/drain regions
SD1 may be provided to have the maximum widths W3
different from each other. For example, 1n the case where the
first source/drain regions SD1 are formed of Si, the first
source/drain regions SD1 may grow 1n an irregular manner.
As a result, the first source/drain region SD1 may have a
shape or size which varies depending on 1ts position. In
addition, although, in FIG. 2C, the fourth width W4 1is
illustrated to be greater than the third width W3, but the
inventive concepts are not limited thereto. For example, the
third width W3 may be greater than the fourth width W4.

The bottom surfaces of the first source/drain regions SD1
may be positioned at a first level BL1, and the bottom
surfaces of the second source/drain regions SD2 may be
positioned at a second level BL2. Here, the first level BLL1
may be higher than the second level BL2. In addition, both
of the first and second levels BLL1 and BL2 may be higher
than the bottom surfaces of the recess regions RS1-RS3.

The first active patterns AP1 may include first top surfaces
TSal, which are 1n direct contact with the bottom surfaces
of the first source/drain regions SD1, and second top sur-
taces TSa2, which serve as top surfaces of the first channel
regions CHI1. The second active patterns AP2 may include
first top surfaces TSb1, which are 1n direct contact with the
bottom surfaces of the second source/drain regions SD2, and
second top surfaces TSb2, which serve as top surfaces of the
second channel regions CH2. The first top surfaces TSal and
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TSbl of the first and second active patterns AP1 and AP2
may not be flat and may have a downward curved or rounded
profile. Here, the first top surfaces TSal and TSb1l may be
lower than the second top surfaces TSa2 and TSb2.

The first top surface TSal of the first active pattern AP1
may have a first width W1 and the first top surface TSb1 of
the second active pattern AP2 may have a second width W2,
when measured 1n the first direction D1. Here, the second
width W2 may be greater than the first width W1. This 1s
because the first and second active patterns AP1 and AP2
have downward increasing widths and the first top surface
TSb1 of the second active pattern AP2 1s positioned below
the first top surface TSal of the first active pattern AP1.

Because the second source/drain regions SD2 are grown
using the first top surfaces TSbl of the second active
patterns AP2 as a seed layer, the second source/drain regions
SD2 may have a volume that is relatively larger than that of
the first source/drain regions SD1. This configuration may
allow for an increase in a magnitude of the compressive
strain to be exerted to the second channel regions CH2 from
the second source/drain regions SD2 and an increase 1n a
contact area between the second source/drain regions SIDD2
and the second channel regions CH2. Accordingly, increas-
ing carrier mobility of the second channel regions CH2 and
reducing resistance of the second channel regions CH2 may
be possible.

An etch stop layer 125 may be provided on the substrate
100. The etch stop layer 125 may cover top surfaces of the
first and second device 1solation patterns ST1 and ST2. For
example, the etch stop layer 125 may cover inner surfaces of
the recess regions RS1-RS3 of the second device 1solation
patterns ST2. In addition, the etch stop layer 125 may cover
the first and second source/drain regions SD1 and SD2 and
may extend to cover opposite side surfaces ol the gate
spacers GS. The etch stop layer 125 may include a material
having an etch selectivity with respect to a first interlayered
insulating layer 130. As an example, the etch stop layer 125
may 1nclude a silicon nitride layer or a silicon oxynitride
layer.

The first interlayered insulating layer 130 may be pro-
vided on the substrate 100 to fill gap regions between the
gate electrodes GE. The first interlayered insulating layer
130 may have a top surface that substantially coplanar with
those of the capping patterns GP. In some example embodi-
ments, the first interlayered msulating layer 130 may fill the
recess regions RS1-RS3 provided with the etch stop layer
125. A second interlayered insulating layer 150 may be
provided on the first interlayered insulating layer 130. The
first and second interlayered insulating layers 130 and 150
may be formed of or include a silicon oxide layer.

Source/drain contacts CA may be provided at opposite
sides of each of the gate electrodes GE. The source/drain
contacts CA may be provided to pass through the second
interlayered insulating layer 150, the first interlayered 1nsu-
lating layer 130, and the etch stop layer 125 and may be
clectrically connected to the first and second source/drain
regions SD1 and SD2. When viewed 1n a plan view, each of
the source/drain contacts CA may be provided to cross at
least one of the first active patterns AP1 or at least one of the
second active patterns AP2.

Each of the source/drain contacts CA may include a first
conductive pattern 160 and a second conductive pattern 165
on the first conductive pattern 160. The first conductive
pattern 160 may be a barner conductive layer. As an
example, the first conductive pattern 160 may include at
least one of a titanium nitride layer, a tungsten nitride layer,
or a tantalum nitride layer. The second conductive pattern
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165 may be a metal layer. As an example, the second
conductive pattern 165 may include at least one of tungsten,
titanium, or tantalum. Although not shown, a metal silicide
layer may be interposed between each pair of the source/
drain contacts CA and the first and second source/drain
regions SD1 and SD2. The metal silicide layer may include
at least one of titanium silicide, tantalum silicide, or tungsten
silicide.

Hereinafter, the second region R2 will be described in
more detail. For concise description, an element described
with reference to the first region R1 may be identified by a
similar or i1dentical reference number without repeating an
overlapping description thereof. A vertical section of the
second region R2 taken in the second direction D2 may be

similar to that of the first region R1 described with reference
to FIG. 2A.

Referring back to FIGS. 1 and 2D, the second region R2
may include a second NMOSFFET region NR2 and a second
PMOSFET region PR2. In some example embodiments,

n-type transistors may be integrated on the second NMOS-
FET region NR2, and p- type transistors may be 1ntegrated
on the second PMOSFET region PR2. The second region R2
may include a plurality of the second NMOSFET regions
NR2 and a plurality of the second PMOSFET regions PR2
which are arranged in the first direction D1. The second
NMOSFET region NR2 may be separated from the second
PMOSFET region PR2 by the first device 1solation patterns
STI.

Active patterns AP1 and AP2 may be provided on the
second region R2. For example, the first active patterns AP1
protruding from the substrate 100 may be provided on the
second NMOSFET region NR2 of the second region R2, and
the second active patterns AP2 protruding from the substrate
100 may be provided on the second PMOSFET region PR2
of the second region R2.

The first and second active patterns AP1 and AP2 on the
second region R2 may be spaced apart from each other by
substantially the same space. As an example, when mea-
sured 1n the first direction D1, a pitch between the second
active patterns AP2 on the second PMOSFET region PR2
may be a fourth length .4 and a pitch between the first active
patterns AP1 on the second NMOSFET region NR2 may be
a fifth length LS. Here, the fourth length L4 may be
substantially equal to the fifth length LS. The fourth length
L4 may be smaller than the second length L2 described
above.

The second device 1solation patterns ST2 may be pro-
vided to fill trenches between the first active patterns AP1
and trenches between the second active patterns AP2 on the
second region R2. Each of the second portions P2 of the
second device 1solation patterns ST2 may have a recessed
top surface. In other words, the second portions P2 may be
provided to define recess regions RS4 and RS5. Referring
back to FIG. 2D, the recess regions RS4 and RS5 may
include fourth recess regions RS4 between the second active
patterns AP2 and fifth recess regions RS5 between the first
active patterns AP1. Here, the fourth recess regions RS4 and
the fifth recess regions RSS may have substantially the same
recess depth. This 1s because the first and second active
patterns AP1 and AP2 are spaced apart from each other by
substantially the same space, unlike the first region R1. In
addition, the second recess regions RS2 on the first region
R1 may be provided to have a recess depth greater than that
of the fourth recess regions RS4. In certain embodiments,
the first device 1solation patterns ST1 may have top surfaces,
which are recessed at a recess depth greater than the fourth

and fifth recess regions RS4 and RSS.
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On the first and second active patterns AP1 and AP2 of the
second region R2, the gate electrodes GE may be provided
to cross the first and second active patterns AP1 and AP2 and
extend 1n the first direction D1. The gate msulating pattern
GI may be provided below each of the gate electrodes GFE,
and the gate spacers GS may be provided at opposite sides
of each of the gate electrodes GE. In addition, the capping
pattern GP may be provided to cover the top surface of each
of the gate electrodes GE.

The first and second source/drain regions SD1 and SD2
may be provided on the first and second active patterns AP1
and AP2 and at opposite sides of each of the gate electrodes
GE. In the meantime, the second source/drain regions SD2
on the first region R1 may be arranged spaced apart from
each other in the first direction D1. However, the second
source/drain regions SD2 on the second region R2 may be
merged to each other to form a single source/drain region
extending 1n the first direction D1. This 1s because a space
between the second active patterns AP2 on the second region
R2 1s smaller than a space between the second active
patterns AP2 on the first region R1 (1.e., L4<L2).

The etch stop layer 125 may be provided on the second
region R2. The etch stop layer 125 may cover the top
surfaces of the first and second device 1solation patterns ST1
and ST2 and the first and second source/drain regions SD1
and SD2. The etch stop layer 125 may not cover inner
surfaces of the fourth recess regions RS4. This may be
because the second source/drain regions SD2 are merged to
cach other. By contrast, the etch stop layer 125 may be
provided to cover mner surfaces of the fifth recess regions
RSS.

The first mterlayered insulating layer 130 may be pro-
vided on the second region R2 to fill gap regions between the
gate electrodes GE. The first interlayered insulating layer
130 may fill the fifth recess regions RSS provided with the
ctch stop layer 125. By contrast, the fourth recess regions
RS4 may not be filled with the first interlayered insulating
layer 130. In other words, first air gaps AG1 may be formed
in the fourth recess regions RS4, respectively, which are
positioned below the second source/drain regions SD2. The
first air gaps AG1 may be a region 1n which a solid material
1s not provided and may be a substantially empty space. For
example, the first air gaps AG1 may be directly enclosed by
the second source/drain regions SD2 and the second device
1solation patterns ST2. In other words, the first air gaps AG1
may not be enclosed by the etch stop layer 125. Because the
first air gaps AG1 are provided below the second source/
drain regions SD2, reducing parasitic capacitance between
the second active patterns AP2 may be possible.

The source/drain contacts CA may be provided at oppo-
site sides of each of the gate electrodes GE. The source/drain
contacts CA may be electrically connected to the first and
second source/drain regions SD1 and SD2 through the
second interlayered insulating layer 150, the first interlay-
ered mnsulating layer 130, and the etch stop layer 125.

FIGS. 3, 5 and 8 are plan views 1llustrating a method of
fabricating a semiconductor device according to some
example embodiments of the inventive concepts. FIGS. 4A
to 4C are sectional views taken along lines A-A', B-B', C-C',
and D-D' of FIG. 3, FIGS. 6A to 6D are sectional views
taken along lines A-A', B-B', C-C', D-D', and E-E' of FIG.
5, FIGS. 7A to 7D are sectional views taken along lines
A A', B-B', C-C', D-D!, and E-E' of FIG. 3, and FIGS. 9A to
9D are sectional views taken along lines A-A', B-B', C-C,
D-D', and E-E' of FIG. 8.

Referring to FIGS. 3 and 4A to 4C, a substrate 100 with

a first region R1 and a second region R2 may be provided.
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In example embodiments, the substrate 100 may be a silicon
substrate, a germanium substrate, or a silicon-on-insulator
(SOI) substrate. The first region R1 may be a part of a
memory cell region, on which a plurality of memory cells
for storing data are provided, and the second region R2 may
be a part of a logic cell region, on which logic transistors
constituting a logic circuit are provided.

Each of the regions R1 and R2 may include NMOSFET
regions NR1 and NR2 and PMOSFET regions PR1 and PR2.
In some example embodiments, each of the NMOSFET
regions NR1 and NR2 may be defined as an active region on
which an n-type transistor 1s solely integrated, and each of
the PMOSFET region PR1 and PR2 may be defined as an
active region on which a p-type transistor 1s solely inte-
grated. In each of the regions R1 and R2, the NMOSFET
regions NR1 and NR2 and the PMOSFET regions PR1 and
PR2 may be arranged in a first direction D1, but the
iventive concepts may not be limited thereto.

The regions R1 and R2 of the substrate 100 may be
patterned to form first trenches 101 defining first active
patterns AP1 and second trenches 102 defining second active
patterns AP2. The first and second active patterns AP1 and
AP2 may be arranged 1n the first direction D1 and may be
line-shaped structures extending in a second direction D2
crossing the first direction D1.

The first region R1 of the substrate 100 may be again

patterned to form deep trenches 103. The deep trenches 103
may be formed at opposite sides of the first NMOSFET

region NR1 and the first PMOSFET region PR1. Also, the
deep trenches 103 may be formed by patterning the second
region R2 of the substrate 100. The deep trenches 103 may
be formed to have bottom surfaces that are lower than those
of the first and second trenches 101 and 102. In the second
region R2, the deep trenches 103 may be formed between
the second NMOSFET and PMOSFET regions NR2 and
PR2 to define the second NMOSFET and PMOSFET
regions NR2 and PR2.

In the first region R1, the first active patterns AP1 may be
formed 1n such a way that they are spaced apart from each
other at a pitch of the first length .1, and the second active
patterns AP2 may be formed 1n such a way that they are
spaced apart from each other at a pitch of a second length
[.2. An adjacent pair of the first and second active patterns
AP1 and AP2 may be formed 1n such a way that they are
spaced apart from each other by a pitch of a third length L3.
Here, the second length .2 may be longer than the first
length L1, and the third length .3 may be longer than the
second length [.2.

By contrast, in the second region R2, the second active
patterns AP2 may be formed in such a way that they are
spaced apart from each other at a pitch of a fourth length 14,
and the first active patterns AP1 may be formed 1n such a
way that they are spaced apart from each other at a pitch of
a fifth length L5. Here, the fourth length L4 may be
substantially equal to the fifth length LS.

In each of the regions R1 and R2, first device 1solation
patterns ST1 may be formed in the deep trenches 103,
respectively. In addition, second device 1solation patterns
ST2 may be formed in the first and second trenches 101 and
102. The second device 1solation patterns ST2 may be
formed to expose upper portions of the first and second
active patterns AP1 and AP2. The upper portions of the first
and second active patterns AP1 and AP2 exposed by the
second device 1solation patterns ST2 will be referred to as
first and second active fins AF1 and AF2, respectively. In
some example embodiments, the first and second device
1solation patterns ST1 and ST2 may be substantially con-
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nected to each other to form a single imsulating pattern. The
first and second device 1solation patterns ST1 and ST2 may

be formed of or include a silicon oxide layer.

Referring to FIGS. 5 and 6A to 6D, sacrificial gate
patterns 110 may be formed on each of the regions R1 and
R2 of the substrate 100, and gate mask patterns 115 may be
formed on the sacrificial gate patterns 110. The sacrificial
gate patterns 110 may be formed to cross the first and second
active patterns AP1 and AP2 and extend in the first direction
D1. Each of the sacrificial gate patterns 110 may be formed
to cover top and side surfaces of the first and second active
fins AF1 and AF2, and moreover, the sacrificial gate patterns
110 may extend to cover top surfaces of the first and second
device 1solation patterns ST1 and ST2.

The formation of the sacrificial gate patterns 110 and the
gate mask patterns 115 may include sequentially forming a
sacrificial gate layer and a gate mask layer on the substrate
100 to cover the first and second active fins AF1 and AF2
and patterning the gate mask layer and the sacrificial gate
layer. The sacrificial gate layer may be formed of or include
a poly silicon layer. The gate mask layer may be formed of
or include a silicon nitride layer or a silicon oxynitride layer.

Because the sacrificial gate patterns 110 are formed to
cross the first and second active fins AF1 and AF2, each of
the second device isolation patterns ST2 may have a first
portion P1 and second portions P2. For example, the first
portion P1 may be a portion of the second device 1solation
pattern ST2 that 1s positioned below the sacrificial gate
pattern 110 and 1s overlapped with the sacrificial gate pattern
110 1n a plan view. The second portions P2 may be other
portions of the second device 1solation pattern ST2 that are
positioned at opposite sides of the sacrificial gate pattern 110
and are horizontally separated from each other by the first
portion P1.

Thereatter, a gate spacer layer 120 may be formed on the
substrate 100 to conformally cover the sacrificial gate pat-
terns 110. As an example, the gate spacer layer 120 may be
formed of or include at least one of a silicon oxide layer, a
silicon nitride layer, or a silicon oxynitride layer. The gate
spacer layer 120 may be formed by a deposition process
(e.g., aCVD or ALD process). In example embodiments, the
gate spacer layer 120 may be formed to cover the first and
second active fins AF1 and AF2 exposed by the sacrificial
gate patterns 110.

Referring to FIGS. 7A to 7D, the gate spacer layer 120
may be anisotropically etched to form gate spacers GS, and
here, the gate spacers GS may be formed to cover opposite
side surfaces of each of the sacrificial gate patterns 110.
Moreover, the gate spacer layer 120 on the first and second
active fins AF1 and AF2 also may be anisotropically etched
to form other gate spacers GS, and not drawn here, the other
gate spacers GS may be formed to cover opposite side
surfaces, which may be exposed by the sacrificial gate
patterns 110, of each of the first and second active fins AF1
and AF2.

An etching process may be performed to remove upper
portions of the first and second active patterns AP1 and AP2,
which provided on each of the regions R1 and R2 and are
positioned at opposite sides of each of the sacrificial gate
patterns 110. The other gate spacers GS on the first and
second active fins AF1 and AF2 also may be removed during
the etching process. The etching process may include form-
ing a mask pattern on the substrate 100 and etching the upper
portions of the first and second active patterns AP1 and AP2
using the mask pattern as an etch mask. The etching process
may be performed 1n a dry and/or wet etching manner.
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In some example embodiments, the etching process may
be performed 1n such a way that the second active patterns
AP2 are over-etched to have top surfaces lower than those
of the first active patterns AP1.

As a result, each of the first active patterns AP1 may have
a first top surface TSal, which 1s etched during the etching
process, and a second top surface TSa2, which 1s positioned
below the sacrificial gate patterns 110 and 1s not etched
during the etching process. That 1s, the second top surface
TSa2 may be higher than the first top surface TSal. Each of
the second active patterns AP2 may have a first top surface
TSbl, which 1s etched during the etching process, and a
second top surface TSb2, which 1s positioned below the
sacrificial gate patterns 110 and 1s not etched during the
etching process. That 1s, the second top surface TSb2 may be
higher than the first top surface TSbl. In some example
embodiments, the first top surfaces TSal and TSbl of the
first and second active patterns AP1 and AP2 may have a
downward rounded profile.

Because, compared with the first active patterns AP1, the
second active patterns AP2 are more deeply etched, the first
top surface TSb1l of each of the second active patterns AP2
may be lower than the first top surface TSal of each of the
first active patterns AP1. Furthermore, a width W2 of the
first top surface TSb1 of the second active pattern AP2 may
be greater than a width W1 of the first top surface TSal of
the first active pattern AP1. However, the second top surface
TSa2 of each of the first active patterns AP1 may be
positioned at substantially the same level as the second top
surface TSb2 of each of the second active patterns AP2.

When the upper portions of the first and second active
patterns AP1 and AP2 are removed from the first region R1,
upper portions of the second portions P2 of the second
device 1solation pattern ST2 may be recessed. As a result,
recess regions RS1, RS2, and RS3 may be formed on the
second portions P2 of the second device 1solation pattern
ST2.

For example, first recess regions RS1 may be formed
between the first active patterns AP1, second recess regions
RS2 may be formed between the second active patterns AP2,
and third recess regions RS3 may be formed between
adjacent pairs of the first and second active patterns AP1 and
AP2. The first to third recess regions RS1-RS3 may be
formed to have a recess depth that 1s dependent on a pattern
density (1.e., a space between the first and second active
patterns AP1 and AP2).

Upper portions of the second portions P2 of the second
device 1solation pattern ST2 on the second region R2 may
also be recessed. As a result, recess regions RS4 and RS3S
may be formed on the second portions P2, respectively, of
the second device 1solation pattern ST2.

For example, fourth recess regions RS4 may be formed
between the second active patterns AP2, and fifth recess
regions RS5 may be formed between the first active patterns
AP1. The fourth and fifth recess regions RS4 and RSS may
be formed to have substantially the same recess depth.

Thereafter, first and second source/drain regions SD1 and
SD2 may be formed at opposite sides of each of the
sacrificial gate patterns 110. The first source/drain regions
SD1 may be formed on the first top surfaces TSal of the first
active patterns AP1, respectively, and the second source/
drain regions SD2 may be formed on the first top surfaces
TSbl of the second active patterns AP2, respectively. In
other words, the first source/drain regions SD1 may be
formed by a selective epitaxial growth process using the first
top surfaces TSal of the first active patterns AP1 as a seed
layer. The second source/drain regions SD2 may be formed
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by a selective epitaxial growth process using the first top
surfaces TSb1 of the second active patterns AP2 as a seed
layer.

The first source/drain regions SD1 may be formed to exert
a tensile strain to first channel regions CH1 of the first active
fins AF1 interposed therebetween. For example, 1n the case
where the substrate 100 1s a silicon substrate, the first
source/drain regions SD1 may be formed of a S1 or S1C
layer. The first source/drain regions SD1 may be doped with
n-type impurities aiter or during the epitaxial growth pro-
Cess.

By contrast, the second source/drain regions SD2 may be
formed to exert a compressive strain to the second channel
regions CH2 of the second active fins AF2 interposed
therebetween. For example, in the case where the substrate
100 1s a silicon substrate, the second source/drain regions
SD2 may be formed of a SiGe layer. The second source/
drain regions SD2 may be doped with p-type impurities after
or during the epitaxial growth process.

Because the first and second source/drain regions SD1
and SD2 are formed of different materials that are grown
through the epitaxial growth process, the first and second
source/drain regions SD1 and SD2 may be different from
cach other in terms of their shape or size. For example, the
maximum width W3 of the first source/drain regions SD1
may be diflerent from the maximum width W4 in the second
direction D2 of the second source/drain regions SD2. In
addition, the second source/drain regions SD2 may be
grown to have high thickness umiformity, compared with the
first source/drain regions SD1. For example, when viewed 1n
a section taken 1n the first direction D1, the second source/
drain regions SD2 may have sharp top portions. By contrast,
the first source/drain regions SD1 may have flat or truncated
top portions.

The second source/drain regions SD2 on the first region
R1 may be formed to be spaced apart from each other 1n the
first direction D1. By contrast, the second source/drain
regions SD2 on the second region R2 may be merged to each
other during the epitaxial growth process. Accordingly, the
second source/drain regions SD2 on the second region R2
may constitute a single source/drain region extending in the
first direction D1. Because the second source/drain regions
SD2 on the second region R2 are merged to each other, first
air gaps AG1 may be formed below the second source/drain
regions SD2 on the second region R2. The first air gaps AG1
may be regions that are directly enclosed by the second
source/drain regions SD2 and the second device isolation
patterns S'12.

Referring to FIGS. 8 and 9A to 9D, an etch stop layer 125
may be conformally formed on each of the regions R1 and
R2. The etch stop layer 125 may be formed to cover the first
and second device 1solation patterns ST1 and ST2, the first
and second source/drain regions SD1 and SD2, and the gate
spacers GS. In addition, the etch stop layer 125 may be
formed to cover inner surfaces of the first, second, third, and
fifth recess regions RS1-RS3 and RSS5 of the second device
1solation patterns ST2. The etch stop layer 125 may be
formed of a material having an etch selectivity with respect
to a first mterlayered insulating layer 130 to be described
below. As an example. the etch stop layer 125 may be
formed of or include a silicon mitride layer or a silicon
oxynitride layer. The etch stop layer 125 may be formed
using a CVD or ALD process.

A first interlayered insulating layer 130 may be formed on
the substrate 100 provided with the etch stop layer 125. As
an example, the first interlayered insulating layer 130 may
be formed of or include a silicon oxide layer. Thereatfter, a
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planarization process may be performed on the first inter-
layered insulating layer 130 to expose top surfaces of the
sacrificial gate patterns 110. The planarization process may
include an etch-back process and/or a chemical mechanical
polishing (CMP) process. In example embodiments, the
planarization process may be performed to remove not only
a portion of the etch stop layer 125 but also the gate mask
patterns 115, which are provided on the sacrificial gate
patterns 110.

The sacrificial gate patterns 110 may be removed to form
gap regions 140, and here, the gap regions 140 may be
formed to expose the first and second channel regions CH1
and CH2 of the first and second active fins AF1 and AF2
between the gate spacers GS. In some example embodi-
ments, the gap regions 140 may be formed by an etching
process of selectively removing the sacrificial gate patterns
110.

An oxidation process using plasma may be performed on
the first and second channel regions CH1 and CH2, and as
a result, interface layers IL may be grown from the first and
second channel regions CH1 and CH2, respectively. In other
words, the mterface layer IL may be formed by thermally or
chemically oxidizing the exposed surfaces of the first and
second channel regions CH1 and CH2. Plasma generated
from at least one of oxygen (O,), ozone (O,), or steam (H,O
) may be used 1n the oxidation process. The mterface layers
IL may be formed of or include a silicon oxide layer.

A gate 1nsulating pattern GI and a gate electrode GE may
be sequentially formed to fill each of the gap regions 140. In
detail, a gate msulating layer may be formed to partially fill
the gap regions 140. The gate dielectric layer may be formed
to cover the top surfaces of the first and second active fins
AF1 and AF2. As an example, the gate dielectric layer may
be formed of at least one of a silicon oxide layer, a silicon
oxynitride layer, or high-k dielectric layers, whose dielectric
constants are higher than that of the silicon oxide layer. A
gate conductive layer may be formed on the gate dielectric
layer to fill the remaining portions of the gap regions 140. As
an example, the gate conductive layer may be formed of or
include at least one of doped semiconductor, conductive
metal nitrides, or metals. The gate dielectric layer and the
gate conductive layer may be planarized, and as a result, the
gate msulating pattern GI and the gate electrode GE may be
formed 1n each of the gap regions 140.

The gate insulating patterns GI and gate electrodes GE in
the gap regions 140 may be partially recessed, and capping
patterns GP may be formed on the gate electrodes GE,
respectively. As an example, the capping patterns GP may be
formed of or include at least one of a silicon oxide layer, a
silicon nitride layer, or a silicon oxynitride layer.

Referring back to FIGS. 1 and 2A to 2D, a second
interlayered insulating layer 150 may be formed on the first
interlayered msulating layer 130. As an example, the second
interlayered insulating layver 150 may be formed using a
silicon oxide layer.

Source/drain contacts CA may be formed at opposite sides
of each of the gate electrodes GE. For example, contact
holes may be formed to penetrate the second interlayered
insulating layer 150, the first interlayered insulating layer
130, and the etch stop layer 125 and to expose the first and
second source/drain regions SD1 and SD2. In example
embodiments, upper portions of the first and second source/
drain regions SD1 and SD2 may be partially etched, when
the contact holes are formed. Thereafter, a first conductive
pattern 160 and a second conductive pattern 165 may be
sequentially formed to fill each of the contact holes. The first
conductive pattern 160 may be a barrier conductive layer
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and may be formed of or include at least one of a titanium
nitride layer, a tungsten nitride layer, or a tantalum nitride
layer. The second conductive pattern 165 may be a metal
layer and may be formed of or include at least one of
tungsten, titanium, or tantalum.

Although not shown, interconnection lines may be formed
on the second interlayered 1nsulating layer 150 and may be
coupled to the source/drain contacts CA, respectively. The
interconnection lines may be formed of or include at least
one of conductive materials.

FIG. 10 1s a sectional view that i1s taken along line D-D'
of FIG. 1 to illustrate a semiconductor device according to
some example embodiments of the mventive concepts. In
the following description, an element previously described
with reference to FIGS. 1 and 2A to 2D may be identified by
a similar or 1dentical reference number without repeating an
overlapping description thereof, for the sake of brevity.

Referring to FIGS. 1 and 10, the first source/drain regions
SD1 on the first region R1 may be merged to form a single
source/drain region extending in the first direction DI1.
Unlike that shown 1n FIG. 2C, the first source/drain regions
SD1 may be merged to each other, but they may be grown
in a relatively irregular manner.

The first air gaps AG1 may be formed below the first
source/drain regions SD1 and 1n the first recess regions RS1,
respectively. The first air gaps AG1 may be directly enclosed
by the first source/drain regions SD1 and the second device
1solation patterns ST2. In other words, the first air gaps AG1
may not be enclosed by the etch stop layer 125. Because the
first air gaps AG1 are provided below the first source/drain
regions SD1, reducing parasitic capacitance between the
first active patterns AP1 may be possible.

On the first region R1, the etch stop layer 125 may be
formed to fill gap regions between the second source/drain
regions SD2 adjacent to each other. For example, the etch
stop layer 125 may be conformally formed on the second
source/drain regions SD2 1n such a way that the gap regions
between the second source/drain regions SD2 are sealed by
the etch stop layer 125. Accordingly, second air gaps AG2
may be formed in the second recess regions RS2, respec-
tively.

Unlike the first air gaps AG1, the second air gaps AG2
may be covered with the etch stop layer 125. Because the
second recess regions RS2 are formed to have bottom
surfaces lower than those of the first recess regions RS1, the
second air gaps AG2 may be larger than the first air gaps
AG1. Because the second air gaps AG2 are provided below
the second source/drain regions SD2, reducing parasitic
capacitance between the second active patterns AP2 may be
possible.

FIG. 11 1s a sectional view that 1s taken along line D-D'
of FIG. 1 to illustrate a semiconductor device according to
some example embodiments of the mventive concepts. In
the following description, an element previously described
with reference to FIGS. 1 and 2A to 2D may be identified by
a similar or 1dentical reference number without repeating an
overlapping description thereol, for the sake of brevity.

Referring to FIGS. 1 and 11, the first source/drain regions
SD1 on the first region R1 may be merged to form a single
source/drain region extending 1n the first direction D1. The
first air gaps AG1 may be formed below the first source/
drain regions SD1 and in the first recess regions RSI,
respectively.

First residue patterns 123 may be provided adjacent to
interfaces between the second source/drain regions SD2 and
the second active patterns AP2. The first residue patterns 123
may be formed between an adjacent pair of the second active
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patterns AP2. By contrast, the first residue patterns 123 may
not be formed between an adjacent pair of the first active
pattern AP1 and the second active pattern AP2.

As previously described with reference to FIGS. 6C and
7C, the gate spacer layer 120 covering the first and second
active patterns AP1 and AP2 may be removed when the
upper portions of the first and second active patterns AP1
and AP2 are recessed. However, in example embodiments,
a portion of the gate spacer layer 120 may not be removed
from the gap regions between the second active patterns
AP2, thereby forming the first residue pattern 123. Owing to
the presence of the first residue patterns 123, upper portions
of the second active patterns AP2 may be incompletely
recessed, and thus, the first top surtaces TSb1 of the second
active patterns AP2 may be an inclined or asymmetric
profile, unlike the first top surfaces TSal of the first active
patterns AP1.

Owing to the presence of the first residue patterns 123
and/or the inclined or asymmetric profile of the first top
surfaces TSb1, the second source/drain regions SD2 may be
at an angle to the top surface of the substrate 100. For
example, the second source/drain region SD2 may bend
toward the first source/drain region SD1 adjacent thereto.

FIG. 12 1s a sectional view that 1s taken along line D-D'
of FIG. 1 to illustrate a semiconductor device according to
some example embodiments of the mventive concepts. In
the following description, an element previously described
with reference to FIGS. 1 and 2A to 2D may be identified by
a similar or 1dentical reference number without repeating an
overlapping description thereot, for the sake of brevity.

Referring to FIGS. 1 and 12, second residue patterns 124
may be formed to be adjacent to interfaces between the first
source/drain regions SD1 and the first active patterns AP1
and on the first region R1. For example, the second residue
patterns 124 may be formed on opposite side surfaces of a
lower portion of at least one of the first source/drain regions
SD1. When measured 1n the first direction D1, the at least
one of the first source/drain regions SD1 may have an
increasing width from the second residue patterns 124.

As previously described with reference to FIGS. 6C and
7C, the gate spacer layer 120 covering the first and second
active patterns AP1 and AP2 may be removed when the
upper portions of the first and second active patterns AP1
and AP2 are recessed. However, in example embodiments,
a portion of the gate spacer layer 120 may not be removed
from opposite sides of each of the first active patterns AP1,
thereby forming the second residue patterns 124.

According to some example embodiments of the mven-
tive concepts, a semiconductor device may be configured to
include NMOS and PMOS-FETs having source/drain struc-
tures different from each other. This configuration may allow
improvement to electric characteristics of NMOS and
PMOSFETs mdependently.

While example embodiments of the mventive concepts
have been particularly shown and described, 1t will be
understood by one of ordinary skill in the art that variations
in form and detaill may be made therein without departing
from the spirit and scope of the attached claims.

What 1s claimed 1s:

1. A semiconductor device, comprising:

a substrate including an NMOSFET region and a PMOS-
FET region;

a plurality of first active fins on the NMOSFET region;

a plurality of second active fins on the PMOSFET region;

a first device 1solation layer between the NMOSFET
region and the PMOSFET region;
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a second device 1solation layer between a pair of the first
active fins;

a third device i1solation layer between a pair of the second
active fins;

a gate electrode on the first and second active fins, the gate
clectrode extending in a first direction, the first and
second active fins extending in a second direction
crossing the first direction;

a first source/drain pattern on the first active fins; and

a second source/drain pattern on the second active {ins,
wherein the first and second source/drain patterns are
adjacent to a side of the gate electrode,

a lowermost point of the first source/drain pattern 1s at a
first level,

a lowermost point of the second source/drain pattern 1s at
a second level,

the first level 1s higher than the second level,

a thickness of the first device 1solation layer 1s greater than
a thickness of the second device 1solation layer, and
wherein the thickness of the first device 1solation layer 1s
greater than a thickness of the third device 1solation

layer, and

wherein a lowermost level of a top surface of the second
device isolation laver is higher than a lowermost level
of a top surface of the first device isolation layer,

wherein an interface is present between the second active
fins and the second source/drain patterns, the second
active fins being a first material and the second source/
drain patterns being a second material, diffevent from
the first material, the interface being spaced apart from
a top surface of the substrate, and

wherein a first bottom surface of the gate electrode that is
between the first active fins and a second bottom
surface of the gate electrode that is between the second
active fins arve located at substantially the same vertical
level as each other.

2. The semiconductor device of claim 1, wherein a pitch
between the first active fins 1s substantially the same as a
pitch between the second active fins.

3. The semiconductor device of claim 1, wherein the
lowermost point of the first source/drain pattern contacts an
uppermost sidewall of one of the first active fins,

wherein the lowermost point of the second source/drain
pattern contacts an uppermost sidewall of one of the

second active fins,

wherein the one of the first active fins has a first width 1n

the first direction at the first level,

wherein the one of the second active fins has a second

width 1n the first direction at the second level, and
wherein the second width 1s greater than the first width.

4. The semiconductor device of claim 1, wherein the
thickness of the second device 1solation layer 1s substantially
the same with the thickness of the third device 1solation
layer.

5. The semiconductor device of claim 1, wherein a width
of the first device 1solation layer 1s greater than a width of
the second device isolation layer, and

wherein the width of the first device 1solation layer is

greater than a width of the third device 1solation layer.

6. The semiconductor device of claim 1, further compris-
ing an air gap under the second source/drain pattern and
between a pair of the second active {ins.

7. The semiconductor device of claim 1, further compris-
ing an etch stop layer covering an outer surface of the first
source/drain pattern and an outer surface of the second
source/drain pattern.
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8. The semiconductor device of claim 1, wherein the first
source/drain pattern 1s a first epitaxial pattern formed by a
first selective epitaxial growth process using top surfaces of
the first active fins as a first seed layer, and

wherein the second source/drain pattern 1s a second
epitaxial pattern formed by a second selective epitaxial
growth process using top surfaces of the second active
fins as a second seed layer.

9. The semiconductor device of claim 1, wherein the first
source/drain pattern has a different shape from the second
source/drain pattern.

10. The semiconductor device of claam 1, wherein top
surfaces of the second active fins have a rounded profile.

11. A semiconductor device, comprising;:

a substrate including a first region and a second region;

a first active fin on the first region of the substrate;

a second active fin on the first region of the substrate;

a third active fin on the second region of the substrate, the
second active fin being between the first active fin and
the third active fin;

a fourth active fin on the second region of the substrate,
the third active fin being between the second active fin
and the fourth active fin;

a gate electrode on the first, second, third and fourth active
fins, the gate electrode extending in a first divection, the
fivst to fourth active fins extending in a second divection
crossing the first direction;

a first source/drain pattern on each of the first and second
active fins; and

a second source/drain pattern on each of the third and
fourth active fins,

wherein the first source/drain pattern has a different
conductivity from that of the second source/drain pat-
tern,

a lowermost bottom of a first recess between the first and
second active fins 1s higher than a lowermost bottom of
a second recess between the third and fourth active fins
and a lowermost bottom of a third recess between the
second and third active fins 1s lower than the lowermost
bottom of the second recess, the lowermost bottom of
the first vecess being on top of a first isolation region,
the lowermost bottom of the second recess being on top
of a second isolation region, and the lowermost bottom
of the thivd recess being on top of a third isolation
region, and

whevrein an interface is present between the thivd active fin
and the second source/drain pattern, the third active fin
being a different material from the second source/drain
pattern, the interface being spaced apart from a top
surface of the substrate.

12. The semiconductor device of claam 11, wherein the
first source/drain pattern has a lowermost point contacting
an uppermost sidewall of each of the first and second active
fins,

wherein the second source/drain pattern has a lowermost
point contacting an uppermost sidewall of each of the
third and fourth active fins, and

wherein the lowermost point of the first source/drain
pattern 1s higher than the lowermost point of the second
source/drain pattern.
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13. The semiconductor device of claim 11, wherein a
distance between a top portion of the first active fin and a top
portion of the second active fin 1s different from a distance
between the top portion of the second active fin and a top
portion of the third active fin.

14. The semiconductor device of claim 11, wherein the
first region mcludes an NMOSFET region, and the second
region includes a PMOSFET region.

[15. A semiconductor device, comprising:

first and second active patterns protruding upward from a
substrate;

a gate electrode crossing the first and second active
patterns, the gate electrode extending in a first direc-
tion;

a device 1solation layer on the substrate and covering
lower sidewalls of the first and second active patterns;

a first source/drain region on the first active pattern and on
at least one side of the gate electrode, a lowermost point
of the first source/drain region contacting an uppermost
sidewall of the first active pattern;

a second source/drain region on the second active pattern
and on at least one side of the gate electrode, the second
source/drain region having a conductivity type different
from that of the first source/drain region, a lowermost
point of the second source/drain region contacting an
uppermost sidewall of the second active pattern;

an etch stop layer covering the first and second source/
drain regions and the device 1solation layer; and

a first air gap between the first source/drain region and the
device 1solation layer,

wherein the lowermost point of the first source/drain
region 1s positioned at a first level,

wherein the lowermost point of the second source/drain
region 1s positioned at a second level,

wherein the first level 1s higher than the second level,
wherein the first active pattern has a first width in the first
direction at the first level,

wherein the second active pattern has a second width 1n

the first direction at the second level,

wherein the second width 1s greater than the first width,

and

wherein the first air gap 1s separated from the etch stop

layer.}

[16. The device of claim 15, further comprising a second
air gap between the second source/drain region and the
device 1solation layer,

wherein the second air gap is deeper than the first air gap.}

[17. The device of claim 16, wherein

the first active pattern and the first source/drain region

constitute an NMOSFET; and

the second active pattern and the second source/drain

region constitute a PMOSFET ]

[18. The device of claim 17, wherein a maximum width
of the first source/drain region 1n the first direction 1s a third
width and a maximum width of the second source/drain
region 1n the first direction 1s a fourth width different from

the third width.]
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