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SEMICONDUCTOR DEVICE HAVING
DOUBLE BIT CAPACITY AND METHOD
FOR MANUFACTURING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a divisional application of U.S.
Non-Provisional application Ser. No. 17/866,720 filed 18
Jul. 2022, which is incorporated herein by reference in its
entirety.

TECHNICAL FIELD

[0002] The present disclosure relates to a semiconductor
device and a method for manufacturing a semiconductor
device, and more particularly, to a double bit capability of
the active region.

DISCUSSION OF THE BACKGROUND

[0003] Semiconductor devices are used in a variety of
electronic applications, such as personal computers, cellular
phones, digital cameras, and other electronic equipment.
The dimensions of semiconductor devices are continuously
being scaled down to meet the increasing demand of com-
puting ability. However, a variety of issues arise during the
scaling-down process, and the number of such issues is
continuously increasing. Therefore, challenges remain with
regard to reducing complexity as well as improving quality,
yield, performance, and reliability. In addition, the bit capa-
bility of memory devices also needs to be enhanced.
[0004] This Discussion of the Background section is pro-
vided for background information only. The statements in
this Discussion of the Background are not an admission that
the subject matter disclosed herein constitutes prior art with
respect to the present disclosure, and no part of this Dis-
cussion of the Background may be used as an admission that
any part of this application constitutes prior art with respect
to the present disclosure.

SUMMARY

[0005] One aspect of the present disclosure provides a
semiconductor substrate. The semiconductor substrate
includes a first active region and an isolation layer adjacent
to the first active region. The first active region includes a
first sub-active region, a second sub-active region, and a first
separation channel separating the first sub-active region
from the second sub-active region. A depth of the first
separation channel is substantially identical to a thickness of
the isolation layer.

[0006] Another aspect of the present disclosure provides a
semiconductor device. The semiconductor device includes a
semiconductor substrate, a trench, and a word line structure
in the trench. The semiconductor substrate has a first active
region and an isolation layer. The a first active region
includes a first sub-active region, a second sub-active region,
and a first separation channel separating the first sub-active
region from the second sub-active region. The word line
structure is adjacent to the first active region and includes a
word line insulating layer covering inner side surfaces of the
trench, a word line electrode on the word line insulating
layer, and a word line capping structure on the word line
electrode. A depth of the first separation channel is substan-
tially identical to a thickness of the isolation layer.
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[0007] In some embodiments, a thickness of the word line
structure is substantially identical to a thickness of the
isolation layer.

[0008] Insome embodiments, the first sub-active region is
defined by the first separation channel and the isolation
layer.

[0009] In some embodiments, the second sub-active

region is defined by the first separation channel and the
isolation layer.

[0010] In some embodiments, the first active region has at
least one corner, and the at least one corner is angled.
[0011] In some embodiments, the at least one corner is a
right angle.

[0012] In some embodiments, the at least one corner is an
obtuse angle.

[0013] In some embodiments, the first active region has a
first corner and a second corner adjacent to the first corner,
and the first corner and the second corner are symmetric.
[0014] In some embodiments, the first active region
includes a doped region.

[0015] In some embodiments, the first sub-active region
includes a first doped region and the second sub-active
region includes a second doped region.

[0016] Insome embodiments, the semiconductor substrate
further includes a second active region having a third
sub-active region, a fourth sub-active region, and a second
separation channel separating the third sub-active region
from the fourth sub-active region.

[0017] Insomeembodiments, the trench intersects the first
sub-active region and the second sub-active region of the
first active region and the third sub-active region and the
fourth sub-active region of the second active region.
[0018] Another aspect of the present disclosure provides a
method of manufacturing a semiconductor device. The
method includes providing a semiconductor substrate; defin-
ing a plurality of active regions in the semiconductor sub-
strate by corresponding lithographic operations; forming an
isolation layer in the semiconductor substrate to surround
the plurality of active regions; and defining a first sub-active
region and a second sub-active region for each of the
plurality of active regions by corresponding lithographic
operations and removing a portion of each active region to
form a separation channel of each active region. A depth of
the separation channel is substantially identical to a thick-
ness of the isolation layer.

[0019] In some embodiments, the removal operation
includes an etching operation, and wherein a depth bias
between the depths of the separation channels of the plu-
rality of active regions is between 0 to 25%.

[0020] In some embodiments, the depth bias between the
depths of the separation channels of the plurality of active
regions is between 0 to 15%.

[0021] In some embodiments, the depth bias between the
depths of the separation channels of the plurality of active
regions is between 0 to 5%.

[0022] In some embodiments, the depth bias between the
depths of the separation channels of the plurality of active
regions is substantially 0.

[0023] In some embodiments, an ion implantation opera-
tion is performed on the plurality of active regions after
forming an isolation layer.

[0024] Insome embodiments, each active region is formed
to have at least one corner, and the at least one corner is
angled.
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[0025] In some embodiments, the at least one corner is a
right angle.

[0026] In some embodiments, the at least one corner is an
obtuse angle.

[0027] Defining a plurality of active regions and defining
a first sub-active region and a second sub-active region for
each of the plurality of active regions by corresponding
lithographic operations can help to form a double bit capa-
bility for the active region. A larger window for etching
operations can be obtained.

[0028] In addition, a top surface area of each active region
can be increased because no over-etching occurs during the
etching operations. Accordingly, the depth of the separation
channel can be controlled so that it is substantially identical
to the thickness of the isolation layer.

[0029] The foregoing has outlined rather broadly the fea-
tures and technical advantages of the present disclosure so
that the detailed description of the disclosure that follows
may be better understood. Additional features and advan-
tages of the disclosure will be described hereinafter, and
form the subject of the claims of the disclosure. It should be
appreciated by those skilled in the art that the conception and
specific embodiment disclosed may be readily utilized as a
basis for moditying or designing other structures or pro-
cesses for carrying out the same purposes of the present
disclosure. It should also be realized by those skilled in the
art that such equivalent constructions do not depart from the
spirit and scope of the disclosure as set forth in the appended
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] A more complete understanding of the present
disclosure may be derived by referring to the detailed
description and claims when considered in connection with
the Figures, where like reference numbers refer to similar
elements throughout the Figures, and:

[0031] FIG. 1A is a schematic plane view of a semicon-
ductor device in accordance with some embodiments of the
present disclosure.

[0032] FIG. 1B is a schematic cross-sectional view illus-
trating the semiconductor device taken along an A-A line
shown in FIG. 1A.

[0033] FIG. 1C is a schematic cross-sectional view illus-
trating the semiconductor device taken along a B-B line
shown in FIG. 1A.

[0034] FIG. 1D is a schematic plane view of a semicon-
ductor device in accordance with some embodiments of the
present disclosure.

[0035] FIG. 2A is a schematic plane view of a semicon-
ductor device in accordance with some embodiments of the
present disclosure.

[0036] FIG. 2B is a schematic cross-sectional view illus-
trating the semiconductor device taken along an A-A line
shown in FIG. 2A.

[0037] FIG. 2C is a schematic cross-sectional view illus-
trating the semiconductor device taken along a B-B line
shown in FIG. 2A.

[0038] FIG. 3 illustrates one or more stages of a method of
manufacturing a semiconductor device in accordance with
some embodiments of the present disclosure.

[0039] FIG. 4 illustrates one or more stages of a method of
manufacturing a semiconductor device in accordance with
some embodiments of the present disclosure.
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[0040] FIG. 5 illustrates one or more stages of a method of
manufacturing a semiconductor device in accordance with
some embodiments of the present disclosure.

[0041] FIG. 6 illustrates one or more stages of a method of
manufacturing a semiconductor device in accordance with
some embodiments of the present disclosure.

[0042] FIG. 7 illustrates one or more stages of a method of
manufacturing a semiconductor device in accordance with
some embodiments of the present disclosure.

[0043] FIG. 8 illustrates one or more stages of a method of
manufacturing a semiconductor device in accordance with
some embodiments of the present disclosure.

[0044] FIG. 9 illustrates one or more stages of a method of
manufacturing a semiconductor device in accordance with
some embodiments of the present disclosure.

[0045] FIG. 10 illustrates one or more stages of a method
of manufacturing a semiconductor device in accordance
with some embodiments of the present disclosure.

[0046] FIG. 11 illustrates one or more stages of a method
of manufacturing a semiconductor device in accordance
with some embodiments of the present disclosure.

[0047] FIG. 12 illustrates one or more stages of a method
of manufacturing a semiconductor device in accordance
with some embodiments of the present disclosure.

[0048] FIG. 13 illustrates one or more stages of a method
of manufacturing a semiconductor device in accordance
with some embodiments of the present disclosure.

[0049] FIG. 14 illustrates one or more stages of a method
of manufacturing a semiconductor device in accordance
with some embodiments of the present disclosure.

[0050] FIG. 15 illustrates one or more stages of a method
of manufacturing a semiconductor device in accordance
with some embodiments of the present disclosure.

[0051] FIG. 16 illustrates one or more stages of a method
of manufacturing a semiconductor device in accordance
with some embodiments of the present disclosure.

[0052] FIG. 17 illustrates one or more stages of a method
of manufacturing a semiconductor device in accordance
with some embodiments of the present disclosure.

[0053] FIG. 18 illustrates one or more stages of a method
of manufacturing a semiconductor device in accordance
with some embodiments of the present disclosure.

[0054] FIG. 19 illustrates one or more stages of a method
of manufacturing a semiconductor device in accordance
with some embodiments of the present disclosure.

[0055] FIG. 20 illustrates one or more stages of a method
of manufacturing a semiconductor device in accordance
with some embodiments of the present disclosure.

[0056] FIG. 21 illustrates one or more stages of a method
of manufacturing a semiconductor device in accordance
with some embodiments of the present disclosure.

[0057] FIG. 22 illustrates one or more stages of a method
of manufacturing a semiconductor device in accordance
with some embodiments of the present disclosure.

[0058] FIG. 23 illustrates one or more stages of a method
of manufacturing a semiconductor device in accordance
with some embodiments of the present disclosure.

[0059] FIG. 24 illustrates one or more stages of a method
of manufacturing a semiconductor device in accordance
with some embodiments of the present disclosure.

[0060] FIG. 25 illustrates a flow chart of a method of
manufacturing a semiconductor device in accordance with
some embodiments of the present disclosure.
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DETAILED DESCRIPTION

[0061] Embodiments, or examples, of the disclosure illus-
trated in the drawings are now described using specific
language. It shall be understood that no limitation of the
scope of the disclosure is hereby intended. Any alteration or
modification of the described embodiments, and any further
applications of principles described in this document, are to
be considered as normally occurring to one of ordinary skill
in the art to which the disclosure relates. Reference numerals
may be repeated throughout the embodiments, but this does
not necessarily mean that feature(s) of one embodiment
apply to another embodiment, even if they share the same
reference numeral.

[0062] It shall be understood that, although the terms first,
second, third, etc., may be used herein to describe various
elements, components, regions, layers or sections, these
elements, components, regions, layers or sections are not
limited by these terms. Rather, these terms are merely used
to distinguish one element, component, region, layer or
section from another region, layer or section. Thus, a first
element, component, region, layer or section discussed
below could be termed a second element, component,
region, layer or section without departing from the teachings
of the present inventive concept.

[0063] The terminology used herein is for the purpose of
describing particular example embodiments only, and is not
intended to be limited to the present inventive concept. As
used herein, the singular forms “a,” “an” and “the” are
intended to include the plural forms as well, unless the
context clearly indicates otherwise. It shall be further under-
stood that the terms “comprises” and “comprising,” when
used in this specification, point out the presence of stated
features, integers, steps, operations, elements, or compo-
nents, but do not preclude the presence or addition of one or
more other features, integers, steps, operations, elements,
components, or groups thereof.

[0064] Further, 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. 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 accord-
ingly.

[0065] Unless the context indicates otherwise, terms such
as “same,” “equal,” “planar,” or “coplanar,” as used herein
when referring to orientation, layout, location, shapes, sizes,
amounts, or other measures do not necessarily mean an
exactly identical orientation, layout, location, shape, size,
amount, or other measure, but are intended to encompass
nearly identical orientations, layouts, locations, shapes,
sizes, amounts, or other measures within acceptable varia-
tions that may occur, for example, due to manufacturing
processes. The term “substantially” may be used herein to
reflect this meaning. For example, items described as “sub-
stantially the same,” “substantially equal,” or “substantially
planar,” may be exactly the same, equal, or planar, or may
be the same, equal, or planar within acceptable variations
that may occur, for example, due to manufacturing pro-
cesses.

2 <
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[0066] In the present disclosure, a semiconductor device
generally means a device which can function by utilizing
semiconductor characteristics, and an electro-optic device, a
light-emitting display device, a semiconductor circuit, and
an electronic device are all included in the category of the
semiconductor device. Specifically, semiconductor devices
of embodiments of the present disclosure may be dynamic
random-access memory devices.

[0067] FIG. 1A is a schematic plane view of a semicon-
ductor device 1 in accordance with some embodiments of
the present disclosure. FIG. 1B is a schematic cross-sec-
tional view illustrating the semiconductor device 1 taken
along an A-A line shown in FIG. 1A. FIG. 1C is a schematic
cross-sectional view illustrating the semiconductor device 1
taken along a B-B line shown in FIG. 1A.

[0068] It should be noted that, in the description of the
present disclosure, above (or up) corresponds to the direc-
tion of the arrow of the direction Z, and below (or down)
corresponds to the opposite direction of the arrow of the
direction Z.

[0069] Referring to FIG. 1A, the semiconductor device 1
includes a plurality of active regions 105 defined in a
semiconductor substrate. The plurality of active regions 105
include doped regions 107. The plurality of active regions
105 may be surrounded by an isolation layer 103. For
simplicity, the isolation layer 103 is not shown in FIG. 1A.

[0070] Insome embodiments, the semiconductor substrate
may be a semiconductor wafer. The semiconductor substrate
may be a silicon substrate. Alternatively, the semiconductor
substrate may comprise another elementary semiconductor,
such as germanium; a compound semiconductor including
silicon carbide, gallium arsenic, gallium phosphide, indium
phosphide, indium arsenide, and/or indium antimonide; an
alloy semiconductor including SiGe, GaAsP, AllnAs,
AlGaAs, GalnAs, GalnP, and/or GalnAsP, or combinations
thereof. In other embodiments, the semiconductor substrate
may include for example, an insulating layer such as a SiO,
or a Si;N, layer in addition to a semiconductor substrate
portion. Thus, the term substrate also includes silicon-on-
glass, silicon-on-sapphire substrates. Also, the semiconduc-
tor substrate may be any other base on which a layer is
formed, for example, a glass or metal layer. Accordingly, the
substrate may be a wafer such as a blanket wafer or may be
a layer applied to another base material, e.g., an epitaxial
layer grown onto a lower layer.

[0071] Each of the plurality of active regions 105 may
include a rectangular shape or a square shape. Each of the
plurality of active regions 105 includes a sub-active region
1051 and a sub-active region 1052. The sub-active region
1051 is separated from the sub-active region 1052 by a
separation channel 109. The sub-active region 1051 and the
sub-active region 1052 are symmetric. Each of the sub-
active regions has substantially a same length, width, and
height. Each of the sub-active regions has substantially a
same top surface area. Since each active region 105 has two
sub-active regions, the active region 105 has double bit
capacity. Also, the rectangular shape or the square shape of
the active region 105 could increase the surface area of the
active region 105. In addition, the double bit capacity of the
active region 105 would be stable and balanced due to the
same top surface area.
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[0072] Each of the plurality of active regions 105 may
include four corners or chamfers. The corners are angled.
The corners are right angles. The adjacent two corners are
symmetric.

[0073] FIG. 1B is a schematic cross-sectional view illus-
trating the semiconductor device 1 taken along an A-A line
shown in FIG. 1A. The active regions 105 are formed in a
semiconductor substrate 101. Each of the active regions 105
includes the sub-active region 1051 and the sub-active
region 1052. The separation channel 109 separates the
sub-active region 1051 from the sub-active region 1052. The
sub-active region 1051 is defined by the separation channel
109 and the isolation layer 103. The sub-active region 1052
is defined by the separation channel 109 and the isolation
layer 103.

[0074] Each of the active regions 105 is surrounded by an
isolation layer/isolation region 103. A depth D2 of the
separation channel 109 is substantially identical to a thick-
ness D1 of the isolation layer 103. The isolation layer 103
may include an insulating material such as silicon oxide,
silicon nitride, silicon oxynitride, silicon nitride oxide, or
fluoride-doped silicate. In some embodiments, silicon
oxynitride refers to a substance which contains silicon,
nitrogen, and oxygen and in which a proportion of oxygen
is greater than that of nitrogen. Silicon nitride oxide refers
to a substance which contains silicon, oxygen, and nitrogen
and in which a proportion of nitrogen is greater than that of
oxygen.

[0075] The doped region 107 is disposed in the active
region 105. A top surface of the doped region 107 and a top
surface of the isolation layer 103 are substantially coplanar.
[0076] FIG. 1C is a schematic cross-sectional view illus-
trating the semiconductor device 1 taken along a B-B line
shown in FIG. 1A.

[0077] The isolation layer 103 is disposed between two
active regions 105.

[0078] FIG. 1D is a schematic plane view of a semicon-
ductor device 1' in accordance with some embodiments of
the present disclosure. The depicted structure of FIG. 1D is
similar to the structure depicted in FIG. 1A, except that
corners or chamfers 105C1, 105C2, 105C3, 105C4 of the
active region 105 of FIG. 1D are obtuse angles. The corners
105C1 and 105C2 of the active region 105 are symmetric.
The corners 105C3 and 105C4 of the active region 105 are
symmetric.

[0079] FIG. 2A is a schematic plane view of a semicon-
ductor device 2 in accordance with some embodiments of
the present disclosure. FIG. 2B is a schematic cross-sec-
tional view illustrating the semiconductor device 2 taken
along an A-A line shown in FIG. 2A. FIG. 2C is a schematic
cross-sectional view illustrating the semiconductor device 2
taken along a B-B line shown in FIG. 2A.

[0080] Referring to FIG. 2A, the semiconductor device 2
includes a plurality of active regions 105 defined in a
semiconductor substrate. The plurality of active regions 105
include doped regions 107. The plurality of active regions
105 may be surrounded by an isolation layer 103. For
simplicity, the isolation layer 103 is not shown in FIG. 2A.
[0081] The structures of the active regions 105 and doped
regions 107 are similar to those of the active regions 105 and
doped regions 107 illustrated in FIG. 1A. In some embodi-
ments, the structures of the active regions 105 and doped
regions 107 are similar to those of the active regions 105 and
doped regions 107 illustrated in FIG. 1D.
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[0082] A word line structure 201 is disposed in a word line
trench 203. The word line trench 203 extends over the active
regions 105. The word line trench 203 intersects the sub-
active region 1051 and the sub-active region 1052 of each of
the active regions 105.

[0083] The word line structure 201 is disposed in the word
line trench 203. The word line structure 201 includes a word
line insulating layer 205 and a word line capping structure
209. The word line structure 201 intersects the active regions
105. The word line structure 201 intersects the respective
sub-active regions 1051 and the respective sub-active
regions 1052 of the active regions 105. There are two word
line structures 201 intersecting one active region 105. In
some embodiments, there are three word line structures 201
intersecting one active region 105.

[0084] FIG. 2B is a schematic cross-sectional view illus-
trating the semiconductor device 2 taken along an A-A line
shown in FIG. 2A. The active regions 105 are formed in a
semiconductor substrate 101. Each of the active regions 105
includes the sub-active region 1051 and the sub-active
region 1052. The separation channel 109 separates the
sub-active region 1051 from the sub-active region 1052. A
depth D2 of the separation channel 109 is substantially
identical to a thickness D1 of the isolation layer 103. The
sub-active region 1051 and the sub-active region 1052 of the
active region 105 are sandwiched by two word line struc-
tures 201.

[0085] The doped region 107 is disposed in the active
region 105. A top surface of the doped region 107 and a top
surface of the isolation layer 103 are substantially coplanar.
[0086] The word line structure 201 is disposed in the word
line trench 203 and adjacent to the active region 105. The
word line structure 201 includes the word line insulating
layer 205, a word line electrode 207, and the word line
capping structure 209. A thickness D3 of the word line
structure 201 is less than the thickness D1 of the isolation
layer 103. In some embodiments, the thickness D3 of the
word line structure 201 may be identical to the thickness D1
of the isolation layer 103.

[0087] The word line insulating layer 205 covers inner
side surfaces of the word line trench 203. The word line
electrode 207 is disposed on the word line insulating layer
205. The word line capping structure 209 is disposed on the
word line electrode 207. The word line insulating layer 205,
the word line electrode 207, and the word line capping
structure 209 are disposed in the word line trench 203. A top
surface of the word line capping structure 209 and the top
surface of the isolation layer 103 are substantially coplanar.
[0088] FIG. 2C is a schematic cross-sectional view illus-
trating the semiconductor device 2 taken along a B-B line
shown in FIG. 2A.

[0089] The isolation layer 103 is disposed between two
active regions 105.

[0090] FIGS. 3 to 25 illustrate stages of a method of
manufacturing a semiconductor device in accordance with
some embodiments of the present disclosure. At least some
of these figures have been simplified for a better understand-
ing of the aspects of the present disclosure. In some embodi-
ments, the semiconductor device 1 in FIGS. 1A, 1B, 1C, and
1D may be manufactured by the operations described below
with respect to FIGS. 3 to 12. In some embodiments, the
semiconductor device 2 in FIGS. 2A, 2B, and 2C may be
manufactured by the operations described below with
respect to FIGS. 3 to 25.
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[0091] As shown in FIG. 3, a substrate 101 having a top
surface 101-1 is provided. The substrate 101 may be formed
of, for example, silicon, doped silicon, silicon germanium,
silicon on insulator, silicon on sapphire, silicon germanium
on insulator, silicon carbide, germanium, gallium arsenide,
gallium phosphide, gallium arsenide phosphide, indium
phosphide, indium gallium phosphide, or any other IV-1V,
III-V or I-VI semiconductor material.

[0092] FIGS. 4 to 6 illustrate, in schematic cross-sectional
diagrams, part of the flow of fabricating the semiconductor
device in accordance with FIG. 3.

[0093] As shown in FIG. 4, a plurality of active regions
105 are defined in the substrate 101 through lithographic
processes. The plurality of active regions 105 may be
patterned by multi-layer hard masks. The multi-layer hard
masks may include a plurality of dielectric layers. The
plurality of active regions 105 may be defined in one step.
In some embodiments, the plurality of active regions 105
may be defined in sequence.

[0094] The plurality of active regions 105 may have bar
shapes. The plurality of active regions 105 may be parallel
to each other. The shapes of the plurality of active regions
105 may be patterned as a rectangle or a square, and top
surface areas (i.e., island areas) of the plurality of active
regions 105 would be increased. In some embodiments, each
active region 105 may have four chamfers with obtuse
angles.

[0095] As shown in FIGS. 5 and 6, an isolation layer/
region 103 may be formed in the substrate 101 and the
plurality of active regions 105 of the substrate 101 may be
defined by the isolation layer 103. The isolation region 103
may be formed through an STI (shallow trench isolation)
process. A photolithography process may be performed to
pattern the substrate 101 to define positions of the plurality
of active regions 105. An etch process may be performed
after the photolithography process to form a plurality of
isolation trenches in the substrate 101. After the etch pro-
cess, an insulating material such as silicon oxide, silicon
nitride, silicon oxynitride, silicon nitride oxide, or fluoride-
doped silicate, may be used to fill the plurality of isolation
trenches by a deposition process. A planarization process,
such as chemical mechanical polishing, may be performed
after the deposition process to remove excess material and
provide a substantially flat surface for subsequent processing
steps and conformally form the isolation layer 103 and the
plurality of active regions 105. The isolation layer 103 has
a depth D1. For simplicity, the isolation layer 103 is not
shown in FIG. 3.

[0096] FIG. 7 illustrates, in a schematic top-view diagram,
part of the flow of fabricating the semiconductor device in
accordance with one embodiment of the present disclosure.
FIGS. 8 and 9 illustrate, in schematic cross-sectional dia-
grams, part of the flow of fabricating the semiconductor
device in accordance with FIG. 7. For simplicity, the isola-
tion layer 103 is not shown in FIG. 7.

[0097] As shown in FIGS. 7 to 9, a plurality of doped
regions 107 are formed in the plurality of active regions 105.
The plurality of doped regions 107 are formed by an
implantation process using a dopant. The plurality of doped
regions 107 may have a dopant concentration ranging from
about 10'7 atoms/cm® to about 10'° atoms/cm®.

[0098] In some embodiments, the doped regions 107 may
be doped with an N-type dopant such as phosphorus (P),
arsenic (As), or antimony (Sb). In some other embodiments,
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the doped regions 107 may be doped with a P-type dopant
such as boron (B) or indium (In). In some embodiments, the
doped regions 107 may be doped with dopants or impurity
ions having the same or different conductivity types.
[0099] FIG. 10 illustrates, in a schematic top-view dia-
gram, part of the flow of fabricating the semiconductor
device in accordance with one embodiment of the present
disclosure. FIGS. 11 and 12 illustrate, in schematic cross-
sectional diagrams, part of the flow of fabricating the
semiconductor device in accordance with FIG. 10. For
simplicity, the isolation layer 103 is not shown in FIG. 10.
[0100] A photolithography process may be performed to
pattern an active region 105 to define a sub-active region
1051 and a sub-active region 1052 of the active region 105.
An etch process may be performed after the photolithogra-
phy process to form a separation channel 109 in the active
region 105. Subsequently, the photolithography process and
the etching process may be performed to pattern another
active region 105 to form a separation channel 109, a
sub-active region 1051, and a sub-active region 1052 of said
active region 105. A size (i.e., a length, a width, a height) of
the sub-active region 1051 is substantially the same as a size
of the sub-active region 1052. The sub-active region 1051
and the sub-active region 1052 are symmetric. Said active
region 105 has double bit capacity due to the sub-active
region 1051 and the sub-active region 1052. The sub-active
regions 1051 and the sub-active regions 1052 of the plurality
of active regions 105 are formed in sequence. Through the
above operations, a large etching window could be obtained.
Maximum island areas of the sub-active regions 1051 and
the sub-active regions 1052 of the plurality of active regions
105 would be obtained. A depth of each separation channel
109 may be exactly controlled without etching errors. That
is, over-etching or insufficient etching could be avoided.
Accordingly, cut/space depth bias hard control defects due to
micro etching loading effect would be eliminated.

[0101] In some embodiments, a depth bias resulting from
an etching process may be controlled between 0 to 25%. The
depth bias resulting from an etching process may be con-
trolled between 0 to 15%. The depth bias resulting from an
etching process may be controlled between 0 to 5%. The
depth bias resulting from an etching process may be con-
trolled substantially as 0. Compared with the embodiments,
a depth bias formed by a conventional etching process
normally exceeds 25%.

[0102] As shown in FIGS. 11 and 12, the separation
channel 109 has a depth D2. The depth D2 of the separation
channel 109 is substantially the same as the depth D1 of the
isolation layer 103. A top surface of the isolation layer 103
and a top surface of the sub-active region 1051 or the
sub-active region 1052 of the active region 105 are substan-
tially coplanar. The semiconductor device 1 is formed. The
semiconductor device 1 has double bit capacity, and the
active region 105 still keeps its dimension without increas-
ing its length or width.

[0103] FIG. 13 illustrates, in a schematic top-view dia-
gram, part of the flow of fabricating the semiconductor
device in accordance with one embodiment of the present
disclosure. FIGS. 14 and 15 illustrate, in schematic cross-
sectional diagrams, part of the flow of fabricating the
semiconductor device in accordance with FIG. 13. For
simplicity, the isolation layer 103 is not shown in FIG. 13.
[0104] As shown in FIGS. 13 to 15, a plurality of word
line trenches 203 are formed in the substrate 101. A photo-
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lithography process may be performed to pattern the sub-
strate 101 to define positions of the plurality of word line
trenches 203. An etch process may be performed after the
photolithography process to form the plurality of word line
trenches 203 in the substrate 101. The plurality of word line
trenches 203 may extend in a direction Y to intersect the
plurality of active regions 105. One of the plurality of word
line trenches 203 may extend in a direction Y to intersect the
sub-active region 1051 and the sub-active region 1052 of the
active region 105. One of the plurality of active regions 105
may intersect two of the plurality of word line trenches 203.
In some embodiments, one of the plurality of active regions
105 may intersect three of the plurality of word line trenches
203. A word line may be formed in the substrate 101. The
word line may be formed in the word line trench 203.

[0105] As shown in FIG. 14, the word line trench 203 has
a depth D3. The depth D3 of the word line trench 203 is less
than the depth D1 of the isolation layer 103. In some
embodiments, the depth D3 of the word line trench 203 may
be the same as the depth D1 of the isolation layer 103
depending on need.

[0106] FIG. 16 illustrates, in a schematic top-view dia-
gram, part of the flow of fabricating the semiconductor
device in accordance with one embodiment of the present
disclosure. FIGS. 17 and 18 illustrate, in schematic cross-
sectional diagrams, part of the flow of fabricating the
semiconductor device in accordance with FIG. 16. For
simplicity, the isolation layer 103 is not shown in FIG. 16.

[0107] As shown in FIGS. 16 to 17, a plurality of word
line insulating layers 205 are correspondingly formed to
conformally cover inner surfaces of the plurality of word
line trenches 203. In some embodiments, the plurality of
word line insulating layers 205 may be formed of, for
example, silicon oxide, silicon nitride, silicon oxynitride,
silicon nitride oxide, fluoride-doped silicate, or the like.
Alternatively, in another embodiment, the plurality of word
line insulating layers 205 may be formed of, for example,
barium strontium titanate, lead zirconium titanate, titanium
oxide, aluminum oxide, hatnium oxide, yttrium oxide, zir-
conium oxide, or the like.

[0108] FIG. 19 illustrates, in a schematic top-view dia-
gram, part of the flow of fabricating the semiconductor
device in accordance with one embodiment of the present
disclosure. FIGS. 20 and 21 illustrate, in schematic cross-
sectional diagrams, part of the flow of fabricating the
semiconductor device in accordance with FIG. 19. For
simplicity, the isolation layer 103 is not shown in FIG. 19.

[0109] As shown in FIGS. 19 to 20, a plurality of word
line electrodes 207 may be correspondingly formed on the
plurality of word line insulating layers 205 in the plurality of
word line trenches 203. In some embodiments, a metal layer
formed of a conductive material, for example, doped poly-
silicon, a metal, or a metal silicide, may be disposed into the
plurality of word line trenches 203 by a metallization
process. After the metallization process, an etch process may
be performed on the metal layer to leave a lower portion of
the metal layer in the plurality of word line trenches 203.
The plurality of word line electrodes 207 may be corre-
spondingly formed on the plurality of word line insulating
layers 205 in the plurality of word line trenches 203. The
metal may be, for example, aluminum, copper, tungsten,
cobalt, or an alloy thereof. The metal silicide may be, for
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example, nickel silicide, platinum silicide, titanium silicide,
molybdenum silicide, cobalt silicide, tantalum silicide, tung-
sten silicide, or the like.

[0110] FIG. 22 illustrates, in a schematic top-view dia-
gram, part of the flow of fabricating the semiconductor
device in accordance with one embodiment of the present
disclosure. FIGS. 23 and 24 illustrate, in schematic cross-
sectional diagrams, part of the flow of fabricating the
semiconductor device in accordance with FIG. 22. For
simplicity, the isolation layer 103 is not shown in FIG. 22.
[0111] Asshown in FIGS. 22 to 23, a plurality of word line
capping structures 209 may be correspondingly formed on
the plurality of word line electrodes 207 in the plurality of
word line trenches 203. The plurality of word line capping
structures 209 may correspondingly fill the plurality of word
line trenches 203. Top surfaces of the word line capping
structures 209 may be at the same vertical level as a vertical
level of a top surface of the substrate 101. The top surface
of the word line capping structure 209 and a top surface of
the isolation layer 103 are substantially coplanar.

[0112] FEach of the plurality of word line capping struc-
tures 209 may be formed as a stacked layer or a single layer.
For example, in the embodiment depicted, the plurality of
word line capping structures 209 may be formed of single
layers including barium strontium titanate, lead zirconium
titanate, titanium oxide, aluminum oxide, hafhium oxide,
yttrium oxide, zirconium oxide, or the like. Alternatively, in
another embodiment, the plurality of word line capping
structures 209 may be formed of stacked layers. Each
stacked layer may include a bottom layer and a top layer.
The bottom layers may be correspondingly disposed on the
plurality of word line electrodes 207. The top layers may be
disposed on the bottom layer and the top surfaces of the top
layers may be at the same vertical level as that of the top
surface of the substrate 101. The bottom layers may be
formed of, for example, a high dielectric-constant material
such as barium strontium titanate, lead zirconium titanate,
titanium oxide, aluminum oxide, hafnium oxide, yttrium
oxide, zirconium oxide, or the like. The top layers may be
formed of, for example, a low dielectric-constant material
such as silicon oxide, silicon nitride, silicon oxynitride,
silicon nitride oxide, fluoride-doped silicate, or the like. The
top layers formed of the low dielectric-constant material
may reduce an electric field at the top surface of the substrate
101, such that leakage current may be reduced. The plurality
of word line trenches 203, the plurality of word line insu-
lating layers 205, the plurality of word line electrodes 207,
and the plurality of word line capping structures 209
together form the plurality of word lines 201. The semicon-
ductor device 2 is formed.

[0113] According to the structure, the semiconductor
device 2 may have double bit capacity.

[0114] In some embodiments, according to some needs, a
dielectric layer may be subsequently formed on the top
surface 101-1 of the substrate 101 to cover the isolation layer
103 and the word lines 201. The dielectric layer may be a
single layer or multiple layers. The dielectric layer may
include silicon oxide (Si0,), silicon nitride (Si;N,), silicon
oxynitride (N,OSi,), silicon nitride oxide (N,OSi,), etc.
Subsequently, the dielectric layer may be patterned to form
an opening, and then, a bit-line structure may be formed in
the opening. The bit-line structure may include a bit-line, a
bit line hard mask layer and a spacer. The bit-line structure
may be electrically connected to the doped region 107. The
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semiconductor device 2 may additionally include the dielec-
tric layer and the bit-line structure according to some needs.
[0115] FIG. 25 illustrates a flow chart of a method 250 of
manufacturing a semiconductor device in accordance with
some embodiments of the present disclosure.

[0116] In some embodiments, the method 250 may include
a step S251 of providing a semiconductor substrate. For
example, as shown in FIG. 3, the semiconductor substrate
101 includes a top surface 101-1. The following processes
may be performed on the top surface 101-1 of the semicon-
ductor substrate 101.

[0117] In some embodiments, the method 250 may include
a step S252 of defining a plurality of active regions in the
semiconductor substrate by corresponding lithographic
operations. For example, as shown in FIGS. 4-6, the plu-
rality of active regions 105 may be patterned by multi-layer
hard masks. Shapes of the plurality of active regions 105
may correspond to shapes of the multi-layer hard masks
[0118] Insome embodiments, the method 250 may include
a step S253 of forming an isolation layer in the semicon-
ductor substrate to surround the plurality of active regions.
For example, as shown in FIGS. 4-6, the isolation layer 103
may be formed through an STI (shallow trench isolation)
process. The isolation layer 103 may have a thickness D1.
The isolation layer 103 may separate the plurality of active
regions 105 from one another.

[0119] In some embodiments, the method 250 may include
a step S254 of defining a first sub-active region and a second
sub-active region for each of the plurality of active regions
by corresponding lithographic operations and removing a
portion of each active region to form a separation channel of
each active region, wherein a depth of the separation channel
is substantially identical to a thickness of the isolation layer.
For example, as shown in FIGS. 10-12, one active region
105 may be patterned by a photolithography process to
define the sub-active region 1051 and the sub-active region
1052 of the active region 105. An etch process may be
performed after the photolithography process to form a
separation channel 109 in the active region 105. The sepa-
ration channel 109 has a depth D2 which is substantially
identical to the thickness D1 of the isolation layer 103.
[0120] Subsequently, the photolithography process and
the etching process may be repeatedly performed to pattern
another active region 105 to form the separation channel
109, the sub-active region 1051, and the sub-active region
1052 of said active region 105.

[0121] Although the present disclosure and its advantages
have been described in detail, it should be understood that
various changes, substitutions and alterations can be made
herein without departing from the spirit and scope of the
disclosure as defined by the appended claims. For example,
many of the processes discussed above can be implemented
in different methodologies and replaced by other processes,
or a combination thereof.

[0122] Moreover, the scope of the present application is
not intended to be limited to the particular embodiments of
the process, machine, manufacture, and composition of
matter, means, methods and steps described in the specifi-
cation. As one of ordinary skill in the art will readily
appreciate from the present disclosure, processes, machines,
manufacture, compositions of matter, means, methods, or
steps, presently existing or later to be developed, that
perform substantially the same function or achieve substan-
tially the same result as the corresponding embodiments
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described herein may be utilized according to the present
disclosure. Accordingly, the appended claims are intended to
include within their scope such processes, machines, manu-
facture, compositions of matter, means, methods, or steps.

What is claimed is:

1. A semiconductor device, comprising:

a semiconductor substrate comprising:

a first active region having a first sub-active region, a
second sub-active region, and a first separation chan-
nel separating the first sub-active region from the
second sub-active region; and

an isolation layer adjacent to the first active region;

a trench in the semiconductor substrate intersecting the
first sub-active region and the second sub-active region
of the first active region;

a word line structure in the trench and adjacent to the first
active region, wherein the word line structure com-
prises:
aword line insulating layer covering inner side surfaces

of the trench;

a word line electrode on the word line insulating layer;
and

a word line capping structure on the word line electrode,
wherein a depth of the first separation channel is

substantially identical to a thickness of the isolation
layer;

wherein a thickness of the word line structure is sub-
stantially identical to a thickness of the isolation
layer.

2. The semiconductor device of claim 1, wherein the first
sub-active region is defined by the first separation channel
and the isolation layer.

3. The semiconductor device of claim 1, wherein the
second sub-active region is defined by the first separation
channel and the isolation layer.

4. The semiconductor device of claim 1, wherein the first
active region has at least one corner, and the at least one
corner is angled.

5. The semiconductor device of claim 4, wherein the at
least one corner is a right angle.

6. The semiconductor device of claim 4, wherein the at
least one corner is an obtuse angle.

7. The semiconductor device of claim 4, wherein the first
active region has a first corner and a second corner adjacent
to the first corner, and the first corner and the second corner
are symmetric.

8. The semiconductor device of claim 1, wherein the first
active region includes a doped region.

9. The semiconductor device of claim 8, wherein the first
sub-active region includes a first doped region and the
second sub-active region includes a second doped region.

10. The semiconductor device of claim 1, wherein the
semiconductor substrate further includes a second active
region having a third sub-active region, a fourth sub-active
region, and a second separation channel separating the third
sub-active region from the fourth sub-active region.

11. The semiconductor device of claim 10, wherein the
trench intersects the first sub-active region and the second
sub-active region of the first active region and the third
sub-active region and the fourth sub-active region of the
second active region.

12. A method of manufacturing a semiconductor device,
comprising:
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providing a semiconductor substrate;

defining a plurality of active regions in the semiconductor
substrate by corresponding lithographic operations;

forming an isolation layer in the semiconductor substrate
to surround the plurality of active regions; and

defining a first sub-active region and a second sub-active
region for each of the plurality of active regions by
corresponding lithographic operations and removing a
portion of each active region to form a separation
channel of each active region;
wherein a depth of the separation channel is substantially
identical to a thickness of the isolation layer;

wherein an ion implantation operation is performed on the
plurality of active regions after forming an isolation
layer.

13. The method of claim 12, wherein the removal opera-
tion includes an etching operation, and wherein a depth bias
between the depths of the separation channels of the plu-
rality of active regions is between 0 to 25%.
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14. The method of claim 13, wherein the depth bias
between the depths of the separation channels of the plu-
rality of active regions is between 0 to 15%.

15. The method of claim 13, wherein the depth bias
between the depths of the separation channels of the plu-
rality of active regions is between 0 to 5%.

16. The method of claim 13, wherein the depth bias
between the depths of the separation channels of the plu-
rality of active regions is substantially O.

17. The method of claim 12, wherein each active region
is formed to have at least one corner, and the at least one
corner is angled.

18. The method of claim 17, wherein the at least one
corner is a right angle.

19. The method of claim 17, wherein the at least one
corner is an obtuse angle.
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