SEMICONDUCTOR MEMORY DEVICES

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This patent application claims the benefit of priority to Korean Patent Application No.
10-2017-0101835, filed on August 10, 2017, in the Korean Intellectual Property Office, the

entire contents of which are hereby incorporated herein by reference.

TECHNICAL FIELD

[0002] The present disclosure relates to semiconductor memory devices.

BACKGROUND
[0003] Due to their small-size, multifunctional, and/or low-cost characteristics, semiconductor
devices are considered important elements in the electronics industry. Higher integration of
semiconductor devices, such as semiconductor memory devices, may be beneficial to satisfy
consumer demands for superior performance and inexpensive prices. In the case of
semiconductor memory devices, increased integration may be especially beneficial, because their
integration may be an important factor in determining product prices. However, the extremely
expensive process equipment used to increase pattern fineness may set a practical limitation on
increasing integration for semiconductor memory devices. To overcome such a limitation, a
variety of studies on new technology for increasing integration density of a semiconductor

device have been conducted.

SUMMARY

[0004] Some embodiments of the inventive concepts provide a semiconductor memory device
with increased integration density and improved electric characteristics and a method of
fabricating the same.

[0005] According to some embodiments of the inventive concepts, a semiconductor memory
device may include a substrate. The semiconductor memory device may include a device
isolation layer defining active regions of the substrate. The semiconductor memory device may
include a gate line structure including a gate insulating layer and a gate electrode that are buried

in a trench of the substrate to cross the active regions. The trench may include first trench
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portions on the device isolation layer and second trench portions on the active regions.
Moreover, in the second trench portions, the gate insulating layer may overlap a top surface of
the gate electrode.

[0006] According to some embodiments of the inventive concepts, a semiconductor memory
device may include a substrate. The semiconductor memory device may include a device
isolation layer defining active regions of the substrate. The semiconductor memory device may
include a gate line structure buried in a trench in the substrate to cross the active regions. The
gate line structure may include a gate insulating layer and a gate electrode in the trench. The
gate electrode may include first electrode portions on the device isolation layer and second
electrode portions on the active regions. Moreover, the second electrode portions may be wider
than the first electrode portions.

[0007] According to some embodiments of the inventive concepts, a method of forming a
semiconductor memory device includes forming a device isolation layer in a substrate to define
active regions. The method may include forming a trench to cross the active regions. The trench
may include first trench portions exposing the device isolation layer and second trench portions
exposing the active regions. Moreover, the method may include sequentially forming a gate
insulating layer and a gate electrode layer in the trench. Each of the second trench portions may
include an upper trench and a lower trench that is wider than the upper trench. The sequentially
forming may include forming the gate insulating layer in the upper trench to define gate regions
in the lower trench. The sequentially forming may further include forming the gate electrode
layer in the gate regions through the first trench portions.

[0008] A semiconductor memory device, according to some embodiments of the inventive
concepts, may include a substrate including first and second trenches therein. The
semiconductor memory device may include an isolation layer in the first trench. The
semiconductor memory device may include a first gate electrode portion in the isolation layer in
the first trench. Moreover, the semiconductor memory device may include a second gate
electrode portion in the second trench. The second trench may be free of the isolation layer. The
second gate electrode portion may be wider, in a direction, than the first gate electrode portion.
An upper region of the second trench may be spaced apart from the first trench by a greater

distance, in the direction, than a lower region of the second trench.



BRIEF DESCRIPTION OF THE DRAWINGS
[0009] Example embodiments will be more clearly understood from the following brief
description taken in conjunction with the accompanying drawings. The accompanying drawings
represent non-limiting, example embodiments as described herein.
[0010] FIG. 1 is a plan view of a semiconductor memory device according to some embodiments
of the inventive concepts.
[0011] FIG. 2 is a sectional view illustrating cross-sections taken along lines A-A' and B-B' of
FIG. 1.
[0012] FIGS. 3 to 11 are sectional views, which are provided to describe a method of fabricating
a semiconductor memory device according to some embodiments of the inventive concepts, and
each of which illustrates cross-sections taken along lines A-A'and B-B' of FIG. 1.
[0013] FIG. 12 is a sectional view illustrating a semiconductor memory device according to
some embodiments of the inventive concepts.
[0014] FIGS. 13 to 16 are sectional views illustrating a semiconductor memory device and a
method of fabricating the same, according to some embodiments of the inventive concepts.
[0015] FIGS. 17 to 19 are sectional views illustrating a semiconductor memory device and a
method of fabricating the same, according to some embodiments of the inventive concepts.
[0016] FIGS. 20 to 22 are sectional views illustrating a semiconductor memory device and a
method of fabricating the same, according to some embodiments of the inventive concepts.
[0017] It should be noted that these figures are intended to illustrate the general characteristics of
methods, structure and/or materials utilized in certain example embodiments and to supplement
the written description provided below. These drawings are not, however, to scale and may not
precisely reflect the precise structural or performance characteristics of any given embodiment,
and should not be interpreted as defining or limiting the range of values or properties
encompassed by example embodiments. For example, the relative thicknesses and positioning of
molecules, 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 is intended to indicate

the presence of a similar or identical element or feature.

DETAILED DESCRIPTION

[0018] FIG. 1 is a plan view of a semiconductor memory device according to some embodiments
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of the inventive concepts. FIG. 2 is a sectional view illustrating cross-sections taken along lines
A-A'and B-B' of FIG. 1.

[0019] Referring to FIGS. 1 and 2, a substrate 100 may be provided to have active regions AR
defined by a device isolation layer 110. For example, the substrate 100 may be a silicon wafer.
The device isolation layer 110 may be formed of or include silicon oxide. The active regions AR
may be spaced apart from each other in a horizontal direction, and each of the active regions AR
may be a bar-shaped pattern extending in a third direction D3. A top surface of the substrate 100
may be parallel to a first direction D1 and a second direction D2, and the third direction D3 may
intersect, but not be perpendicular to, both of the first and second directions D1, D2.

[0020] A plurality of trenches TR may be provided in an upper region of the substrate 100, and
gate line structures may be provided in the trenches TR to cross the active regions AR. As used
herein, the term "gate line structure" may refer to a structure that includes a gate insulating layer
120 and a gate electrode GE (FIG. 2). The trenches TR may be spaced apart from each other in
the second direction D2. As an example, each of the active regions AR may be provided to cross
a pair of the trenches TR. Each of the trenches TR may extend in the first direction D1 to
alternately cross the device isolation layer 110 and the active regions AR. Hereinafter, some
embodiments of the inventive concepts will be described with reference to one of the trenches
TR.

[0021] As an example, the trench TR may include first trench portions T1” on/in the device
isolation layer 110 and second trench portions T2” on/in the active regions AR. The second
trench portions T2” may be free of (i.e., may not include therein) the device isolation layer 110.
The first trench portions T1” and the second trench portions T2 may be alternately arranged in
the first direction D1. When measured in the third direction D3, the first trench portions T1”
may have a width W2 larger than a width W3 of the second trench portions T2”. As an example,
the width W2 of the first trench portions T1” may be larger by about 10% to 90% than the width
W3 of the second trench portions T2”. The widths W2 and W3 may refer to upper (e.g.,
uppermost) widths of the trench portions T1” and T2”.

[0022] The first trench portions T1” may include a first region R1 having a large width and a
second region R2 having a small width in the first direction D1, as shown in FIG. 1. When
measured in the first direction D1, the width of the first region R1 may be about 2 - 10 times that

of the second region R2. The first region R1 and the second region R2 may be alternately
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arranged in the first direction D1. The second trench portions T2” may be provided between
ones of the first region R1 and the second region R2 that are adjacent to each other. In other
words, the first region R1, the second trench portions T2”, the second region R2, and the second
trench portions T2” may be sequentially arranged in the first direction D1 in the enumerated
order.

[0023] The first trench portions T1” may have bottom surfaces lower than those of the second
trench portions T2”. As an example, the bottom surfaces of the first trench portions T1” may be
lower by about 150 A to about 550 A than those of the second trench portions T2”. Each of the
second trench portions T2” may include an upper trench UT, which is provided to have a
relatively small width, and a lower trench BT, which is extended from the upper trench UT and
has a width larger than that of the upper trench UT. The second trench portions T2” (e.g., the
lower trench BT thereof) may include an expanded region EN2, which is extended from the
upper trench UT and is expanded in horizontal and/or vertical directions to have a width larger
than the upper trench UT. The expanded region EN2 is illustrated to have a vertical length larger
than a horizontal length or to have an ellipse shape, but the inventive concepts are not limited
thereto. For example, in some embodiments, the shape of the expanded region EN2 may be
variously changed.

[0024] A gate insulating layer 120 may be provided in the trench TR. In the first trench portions
T17, the gate insulating layer 120 may be provided to conformally cover side and bottom
surfaces of the first trench portions T1”. In the second trench portions T2”, the gate insulating
layer 120 may be provided to fill the upper trench UT and thereby to define empty spaces
(hereinafter, gate regions GR) in the lower trench BT. Each of the gate regions GR may have a
top portion closed by the gate insulating layer 120 and may be connected to ones of the first
trench portions T1” that are horizontally located adjacent thereto. The gate insulating layer 120
may be formed of or include at least one of silicon oxide, silicon nitride, or silicon oxynitride.
As an example, the gate insulating layer 120 may be a silicon oxide layer.

[0025] A gate electrode GE may be provided on the gate insulating layer 120. The gate
electrode GE may include a barrier electrode layer 131 and a metal electrode layer 136. The
barrier electrode layer 131 may be formed of or include at least one of conductive metal nitrides
(e.g., tantalum nitride (TaN), titanium nitride (TiN), or tungsten nitride (WN)). The metal

electrode layer 136 may be a metal layer (e.g., of tungsten (W), titanium (Ti), or tantalum (Ta)).
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The gate electrode GE may include first electrode portions GE1 in the first trench portions T1”
and second electrode portions GE2 in the second trench portions T2”.

[0026] The first electrode portions GE1 may be provided in lower portions of the first trench
portions T1”, and top surfaces of the first electrode portions GE1 may be overlapped (e.g.,
covered) with capping insulating patterns 141 occupying upper regions of the first trench
portions T1”. The second electrode portions GE2 may be provided to fill the gate regions GR of
the second trench portions T2”. Top surfaces of the second electrode portions GE2 may be
overlapped (e.g., covered) with the gate insulating layer 120 filling the upper trench UT. Due to
rounded surfaces of the gate regions GR, the top surfaces of the second electrode portions GE2
may also have a rounded shape. In some embodiments, each of the first electrode portions GE1
may have a substantially flat top surface.

[0027] At upper regions of the first electrode portions GEI, the barrier electrode layer 131 may
expose a top surface of the metal electrode layer 136. The capping insulating patterns 141 may
be connected to the exposed top surface of the metal electrode layer 136. In some embodiments,
at upper regions of the second electrode portions GE2, the metal electrode layer 136 may be
overlapped (e.g., covered) with the barrier electrode layer 131. In other words, the top surface of
the metal electrode layer 136 may be spaced apart from the gate insulating layer 120 with the
barrier electrode layer 131 interposed therebetween. As an example, in the second electrode
portions GE2, the barrier electrode layer 131 may have a ring-shaped section, and in the first
electrode portions GE1, the barrier electrode layer 131 may have a ‘U’-shaped section.

[0028] The second electrode portions GE2 may include protruding portions PP, which protrude
in a direction from top surfaces of the first electrode portions GE1 toward a top surface of the
substrate 100. That is, top surfaces of the second electrode portions GE2 may be higher by a
height h than those of the first electrode portions GE1. In some embodiments, the height h may
be greater than a thickness of the gate insulating layer 120. In some embodiments, the height h
may range from about 100 A to about 500 A.

[0029] When measured in the third direction D3, a width d2 of the second electrode portions
GE2 may be larger than a width d1 of the first electrode portions GE1. For example, the width
d2 of the second electrode portions GE2 may be about 1.1 to 3 times the width d1 of the first
electrode portions GE1. Bottom surfaces of the first electrode portions GE1 may be lower than

those of the second electrode portions GE2.



[0030] A spacer 115 may be provided between a side surface of the trench TR and the gate
insulating layer 120. In the first trench portions T1”, the spacer 115 may be provided along side
surfaces of the first electrode portions GE1. That is, in the first trench portions T1”, the spacer
115 may be horizontally spaced apart from the first electrode portions GE1 by the gate insulating
layer 120. In the second trench portions T2”, a bottom surface of the spacer 115 may be
vertically spaced apart from bottom surfaces of the second electrode portions GE2 by the gate
insulating layer 120. The spacer 115 may be provided on a side surface of the upper trench UT
and may not be extended to the lower trench BT. In some embodiments, the spacer 115 may be
formed of or include at least one of silicon oxide, silicon oxynitride, or silicon nitride.

[0031] The capping insulating patterns 141 may be provided on the device isolation layers 110
and may not be provided on the active regions AR. The upper trenches UT of the second trench
portions T2” may be occupied by the gate insulating layer 120, and the capping insulating
patterns 141 may not be provided in the upper trenches UT. Accordingly, the active regions AR
may be free of the capping insulating patterns 141. The capping insulating patterns 141 may
include first capping insulating patterns 141a on the first regions R1 and second capping
insulating patterns 141b on the second regions R2. When measured in the first direction D1,
widths of the first capping insulating patterns 141a may be larger than those of the second
capping insulating patterns 141b. The capping insulating patterns 141 may be formed of or
include silicon nitride or silicon oxynitride.

[0032] First impurity regions 171 and second impurity regions 172 may be provided in the active
regions AR. The first impurity regions 171 and the second impurity regions 172 may be spaced
apart from each other with the trenches TR interposed therebetween. As an example, the first
impurity regions 171 may be provided in both/opposing end portions of each of the active
regions AR, and the second impurity region 172 may be provided between a pair of the first
impurity regions 171. The impurity regions 171 and 172 may be doped to have a conductivity
type different from that of the substrate 100.

[0033] Bit lines BL and data storages (e.g., data storage elements/structures) DS may be formed
on the gate line structures. For convenience in illustration, the bit lines BL and the data storages
DS may be partly illustrated in FIG. 1. The bit lines BL may extend in the second direction D2
and may be connected to a plurality of the second impurity regions 172 through first contacts 161.

The data storages DS may be connected to the first impurity regions 171 through second contacts
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163. Each of the bit lines BL and the first and second contacts 161 and 163 may be formed of or
include at least one of metals, conductive metal nitrides, or semiconductor materials.

[0034] In the case where the memory device is a DRAM device, each of the data storages DS
may be a capacitor including a lower electrode, a dielectric layer, and an upper electrode. In
some embodiments, each data storage DS may include a phase-change layer, a variable-
resistance layer, or a magnetic tunnel junction layer. An interlayer insulating layer 195 may be
provided to overlap (e.g., cover) the data storages DS. In some embodiments, the interlayer
insulating layer 195 may be formed of or include silicon oxide.

[0035] According to some embodiments of the inventive concepts, shapes, heights, and widths
of the first and second electrode portions GE1 and GE2 may be variously changed. In some
embodiments, each of the second electrode portions GE2 may be used as an access word-line for
applying a voltage to the active regions AR. In some embodiments, the first electrode portions
GE1 may be regions, which are buried in the device isolation layer 110 and are used as a passing
word-line, and may not be used to directly apply a voltage to the active regions AR.

[0036] To increase an integration density of a semiconductor device, a width of a gate electrode
may be reduced. However, to allow a transistor to have desired electric characteristics, it may be
advantageous/necessary to maintain a thickness of a gate insulating layer within a specific
thickness range. In addition, reduction in width of a gate electrode may lead to an increase in
electrical resistance of the gate electrode, and thus, it may be difficult to reduce a size of the gate
electrode. In some embodiments, the second electrode portions GE2 for applying a voltage to
the active regions AR may be formed to have a width (e.g., in the third direction D3) larger than
a width of the first electrode portions GE1 buried in the device isolation layer 110, and this may
make it possible to secure an integration density of a semiconductor device and electric
characteristics of transistors. Furthermore, widths of the active regions AR (in particular, the
first and second impurity regions 171 and 172) between the gate electrodes may be increased,
and thus, a current passing therethrough may also be increased.

[0037] In the case where the first electrode portions GE1 are relatively close to the first impurity
region 171, a leakage current of a semiconductor device may be increased. In some
embodiments, the first electrode portions GE1 may be formed to have top surfaces lower than
those of the second electrode portions GE2, and this may make it possible to reduce a leakage

current and thus to improve electric characteristics of a semiconductor device.
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[0038] FIGS. 3 to 11 are sectional views, which are provided to describe a method of fabricating
a semiconductor memory device according to some embodiments of the inventive concepts, and
each of which illustrate cross-sections taken along lines A-A' and B-B' of FIG. 1.

[0039] Referring to FIGS. 1 and 3, a device isolation layer 110 may be formed in a substrate 100
to define active regions AR. The device isolation layer 110 may be formed of or include, for
example, silicon oxide. An etching process may be performed on an upper portion of the
substrate 100 to form preliminary trenches PTR crossing the active regions AR or extending in
the first direction D1. Each of the preliminary trenches PTR, which are formed by the etching
process, may have a position-dependent depth. For example, the preliminary trench PTR may
include first trench portions T1 exposing the device isolation layer 110 and second trench
portions T2 exposing the active regions AR. The first trench portions T1 may be formed in the
substrate 100 to have a depth larger (i.e., deeper) than the second trench portions T2. When
measured in the third direction D3, a first width W1 of the first trench portions T1 may be equal
to a width W3 of the second trench portions T2, but in some embodiments, the first width W1
may be larger than the width W3 of the second trench portions T2. The etching process may be
or include a dry etching process.

[0040] Referring to FIGS. 1 and 4, a selective etching process may be performed on the device
isolation layer 110 defining the first trench portions T1 to form first trench portions T1’ having
an expanded structure. As an example, the selective etching process may be performed using an
etch recipe capable of etching the device isolation layer 110 while suppressing the etching of the
active region AR. When measured in the third direction D3, the first trench portions T1’ may
have a second width W2 larger than the first width W1 (and larger than the third width W3). The
depth of the first trench portions T1” may also be increased. By contrast, the width W3 and
depth of the second trench portions T2 may not be increased or may be increased at a relatively
low rate.

[0041] Referring to FIGS. 1 and 5, spacers 115 may be formed on inner sidewalls of the
preliminary trenches PTR. The formation of the spacers 115 may include forming a spacer layer
to cover the preliminary trenches PTR and performing an anisotropic etching process on the
spacer layer. In some embodiments, the spacers 115 may be formed of or include at least one of
silicon oxide, silicon oxynitride, or silicon nitride.

[0042] The device isolation layer 110 exposed by the spacers 115 may be further etched, and as
9



a result, the first trench portions T1’ having an increased depth (hereinafter, first trench portions
T17”) may be formed. The etching of the device isolation layer 110 may be performed during or
directly after the formation of the spacers 115.

[0043] Referring to FIGS. 1 and 6, first expanded regions EN1 may be formed by etching
portions of the active region AR exposed by the spacers 115 or located below the second trench
portions T2. Hereinafter, the second trench portions T2 will be described to include the first
expanded regions EN1. The formation of the first expanded regions EN1 may include
performing an isotropic etching process on the active region AR exposed by the spacers 115.
The first expanded regions EN1 may be formed by an etching process using an etching solution
containing phosphoric acid or hydrofluoric acid. As shown, the first expanded regions EN1 may
have a circular section, but the inventive concepts are not limited thereto. During the formation
of the first expanded regions EN1, the device isolation layer 110 exposed by the first trench
portions T1” may not be etched or may be etched at a relatively low rate.

[0044] Referring to FIGS. 1 and 7, the first expanded regions EN1 may be expanded to form
second expanded regions EN2. The second expanded regions EN2 may have a vertically
extended shape, compared with the first expanded regions EN1. For example, the second
expanded regions EN2 may have an elliptical section whose lateral width is smaller than its
vertical width, but the inventive concepts are not limited thereto. The second expanded regions
EN2 may be formed by performing an additional anisotropic etching process on the active region
AR. As an example, the anisotropic etching process may be a dry etching process. Hereinafter,
the second trench portions T2 will be described to include the the second expanded regions EN2.
In addition, the trenches TR will be described to include the first trench portions T1” and the
second trench portions T2”. The processes, which have been described with reference to FIGS. 6
and 7, may be exchanged with each other in terms of the process order. In other words, the
anisotropic etching process may be followed by the isotropic etching process.

[0045] Referring to FIGS. 1 and 8, a gate insulating layer 120 may be formed on the resulting
structure provided with the trenches TR. In the first trench portions T1”, the gate insulating layer
120 may be formed to conformally cover side surfaces of the spacers 115 and a top surface of the
device isolation layer 110. As an example, in the first trench portions T1”, the gate insulating
layer 120 may have a ‘U’-shaped section.

[0046] The second trench portions T2” may include an upper trench having a first width and a
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lower trench (i.e., the second expanded region EN2) having a second width larger than the first
width. The gate insulating layer 120 may be formed to fill the upper trench, and thus, gate
regions GR may be formed in the lower trenches (i.e., the second expanded regions EN2). Each
of the gate regions GR may have a top portion closed by the gate insulating layer 120 and may
be connected to ones of the first trench portions T1” that are horizontally located adjacent thereto.
The gate insulating layer 120 may be formed of or include at least one of silicon oxide, silicon
nitride, or silicon oxynitride. As an example, the gate insulating layer 120 may be a silicon oxide
layer. The gate insulating layer 120 may be formed by a chemical vapor deposition (CVD) or an
atomic layer deposition (ALD).

[0047] Referring to FIGS. 1 and 9, gate electrode layers may be formed in the trenches TR. For
example, the gate electrode layers may include a barrier electrode layer 131 and a metal
electrode layer 136 sequentially formed on the gate insulating layer 120. The barrier electrode
layer 131 may be formed of or include at least one of conductive metal nitrides (e.g., TaN, TiN,
or WN). The metal electrode layer 136 may be a metal layer (e.g., of W, Ti, or Ta). The gate
electrode layers may be formed using at least one of a chemical vapor deposition (CVD), a
physical vapor deposition (PVD), or an atomic layer deposition (ALD).

[0048] The gate electrode layers 131 and 136 may be formed in the gate regions GR through the
first trench portions T1”. For example, conductive materials may be supplied through the first
trench portions T1” to fill the adjacent gate regions GR.

[0049] Referring to FIGS. 1 and 10, the gate electrode layers 131 and 136 may be partially
etched. The gate electrode layers 131 and 136 in the first trench portions T1” may be removed to
form recess regions RS, and as a result, gate electrodes GE may be formed. The formation of the
recess regions RS may include performing an etch-back process on the gate electrode layers 131
and 136. Upper portions of the gate electrode layers 131 and 136 in the second trench portions
T2” (in particular, the gate regions GR) may be overlapped (e.g., covered) with the gate
insulating layer 120 and may not be etched during the etching process, and thus, the upper
portions of the gate electrode layers 131 and 136 may remain in the second trench portions T2”.
The barrier electrode layer 131 and the metal electrode layer 136 may be simultaneously etched
or may be sequentially etched by different etchants.

[0050] As a result of the local etching of the gate electrode layers 131 and 136, each of the gate

electrodes GE may include protruding portions PP that are formed on a top surface thereof. Each
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of the gate electrodes GE may include first electrode portions GE1 in the first trench portions T1”
and second electrode portions GE2 in the second trench portions T2”. Top surfaces of the
second electrode portions GE2 may be higher by a height h than those of the first electrode
portions GE1. In some embodiments, the height h may range from about 100A to about 500 A.
[0051] Referring to FIGS. 1 and 11, capping insulating patterns 141 may be formed to fill the
recess regions RS. The capping insulating patterns 141 may not be formed in the second trench
portions T2 and may be formed in the first trench portions T1”. In other words, when viewed in
a plan view, the capping insulating patterns 141 may not be formed on the active regions AR and
may be locally formed on the device isolation layers 110.

[0052] As shown in FIG. 1, the capping insulating patterns 141 may include first capping
insulating patterns 141a, which are formed on the first regions R1 where a distance between the
active regions AR is relatively large, and second capping insulating patterns 141b, which are
formed on the second regions R2 where the distance is relatively small. When measured in the
first direction D1, widths of the first capping insulating patterns 141a may be larger than those of
the second capping insulating patterns 141b.

[0053] The capping insulating patterns 141 may be formed of or include silicon nitride or silicon
oxynitride. The formation of the capping insulating patterns 141 may include a chemical vapor
deposition process. Thereafter, a planarization process may be performed to expose top surfaces
of the active regions AR. Gate line structures may be formed in an upper region of the substrate
100 (e.g., through steps/operations of FIGS. 3 to 11). As an example, the gate line structures
may include word lines. For example, the metal electrode layer 136 in the gate regions GR may
provide word lines that are buried in the substrate 100.

[0054] Referring back to FIGS. 1 and 2, first impurity regions 171 and second impurity regions
172 may be formed in the active regions AR. For example, the first impurity regions 171 may be
formed in both/opposing end portions of each of the active regions AR, and the second impurity
region 172 may be formed between a pair of the first impurity regions 171. In some
embodiments, the impurity regions 171 and 172 may be formed by injecting impurity ions,
whose conductivity type is different from that of the substrate 100, into an upper portion of the
substrate 100. Bottom surfaces of the impurity regions 171 and 172 may be lower than the top
surfaces of the second electrode portions GE2 and may be higher than the top surfaces of the first

electrode portions GE1. The inventive concepts are not limited to a method of forming the
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impurity regions 171 and 172 after forming the first and second gate electrode portions GEI,
GE2. Rather, the impurity regions 171 and 172 may be formed at any step/operation of FIGS. 3
to 11.

[0055] Bit lines BL and data storages DS may be formed on the resulting structure provided with
the gate line structures. The bit lines BL may extend in the second direction D2 and may be
connected to a plurality of the second impurity regions 172 through first contacts 161. The data
storages DS may be connected to the first impurity regions 171 through second contacts 163.
Each of the bit lines BL and the first and second contacts 161 and 163 may be formed of or
include at least one of metals, conductive metal nitrides, or semiconductor materials.

[0056] In some embodiments, each of the data storages DS may be a capacitor including a lower
electrode, a dielectric layer, and an upper electrode. Next, an interlayer insulating layer 195 may
be formed to cover the data storages DS. In some embodiments, the interlayer insulating layer
195 may be formed of or include silicon oxide.

[0057] According to some embodiments of the inventive concepts, it may be possible to secure a
distance between the trenches TR, more specifically between upper portions of the trenches TR
and increase a width of the gate electrode GE. In some devices where the width of a gate
electrode is increased, active regions between the gate electrodes may have a reduced thickness,
and in such cases, the active regions may be bent during a fabrication process. According to
some embodiments of the inventive concepts, however, due to the second expanded regions EN2,
it may be possible to secure the distance between the trenches TR and to increase the width of
the gate electrode (e.g., the second gate electrode portions GE2), as shown in FIG. 7.

[0058] According to some embodiments of the inventive concepts, the protruding portions PP
may be formed without an additional photolithography process. In other words, as described
with reference to FIG. 10, during the etching process, upper portions of the gate electrode layers
131 and 136 in the gate regions GR in the second trench portions T2” may be protected by the
gate insulating layer 120, and thus, upper portions of the gate electrode layers 131 and 136 in the
first trench portions T1” may be selectively removed during the etching process. Accordingly, it
may be possible to secure electric characteristics of a semiconductor device and to simplify a
process of fabricating a semiconductor device.

[0059] FIG. 12 is a sectional view illustrating a semiconductor memory device according to

some embodiments of the inventive concepts. For concise description, a previously described
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element may be identified by a similar or identical reference number without repeating an
overlapping description thereof.

[0060] Referring to FIG. 12, a semiconductor memory device may be fabricated by processes of
FIGS. 3 to 11, but without the process of FIG. 7. In other words, a semiconductor memory
device according to some embodiments may be fabricated without the anisotropic etching
process on the first expanded regions EN1. As a result, the second electrode portions GE2 in the
first expanded regions EN1 may be formed to have a substantially circular section.

[0061] FIGS. 13 to 16 are sectional views illustrating a semiconductor memory device and a
method of fabricating the same, according to some embodiments of the inventive concepts. For
concise description, a previously described element may be identified by a similar or identical
reference number without repeating an overlapping description thereof.

[0062] Referring to FIGS. 1 and 13, an etching process may be performed on the resulting
structure described with reference to FIG. 10. As a result, the protruding portions PP described
with reference to FIG. 10 may be removed. Recess regions RS may be expanded to include first
recess regions RS1 in the first trench portions T1” and second recess regions RS2 in the gate
regions GR. Bottom surfaces of the first and second recess regions RS1 and RS2 may be
positioned at substantially the same height, but the inventive concepts are not limited thereto.
For example, due to the spatial limitation of the gate regions GR, the bottom surfaces of the
second recess regions RS2 may be formed at a level higher than the bottom surfaces of the first
recess regions RS1. The etching process may be a process that is different from the etching
process of FIG. 10, but in some embodiments, it may be a part of the etching process of FIG. 10
or may be continuously performed after the etching process of FIG. 10. As an example, the
second recess regions RS2 may be formed by a method of increasing a process time of the
etching process of FIG. 10 or a method of enhancing a cleaning process, which is performed as a
part of the etching process.

[0063] Referring to FIGS. 1 and 14, a semiconductor layer 138 may be formed to fill the first
and second recess regions RS1 and RS2. The semiconductor layer 138 may include a doped
poly silicon layer. In some embodiments, the semiconductor layer 138 may be doped with n-
type impurities in an in-situ manner. The semiconductor layer 138 may be formed by a chemical
vapor deposition process.

[0064] Referring to FIGS. 1 and 15, the semiconductor layer 138 may be removed from the first
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recess regions RS1 but may remain in the second recess regions RS2, thereby forming
semiconductor patterns 139 in in the second recess regions RS2. An etch-back process may be
performed to remove the semiconductor layer 138 from the first recess regions RS1. The
semiconductor layer 138 in the second recess regions RS2 may be protected by the gate
insulating layer 120 thereon and may not be removed from the second recess regions RS2. In the
gate region GR, the semiconductor pattern 139 may be in contact with a top surface of the metal
electrode layer 136. The semiconductor pattern 139, along with the barrier electrode layer 131
and the metal electrode layer 136, may constitute second electrode portions GE2. By contrast,
first electrode portions GE1 may include the barrier electrode layer 131 and the metal electrode
layer 136, but not the semiconductor pattern 139.

[0065] Referring to FIGS. 1 and 16, capping insulating patterns 141 may be formed to fill the
first recess regions RS1. Thereafter, first and second impurity regions 171 and 172 may be
formed.

[0066] FIGS. 17 to 19 are sectional views illustrating a semiconductor memory device and a
method of fabricating the same, according to some embodiments of the inventive concepts.
[0067] Referring to FIGS. 1 and 17, a work-function adjusting layer 151 and an upper metal
electrode layer 152 may be formed on the resulting structure described with reference to FIG. 13.
The combination of the work-function adjusting layer 151 and the upper metal electrode layer
152 may be formed of materials having a lower work-function than that of the combination of
the barrier electrode layer 131 and the metal electrode layer 136 (which may be referred to
hereinafter as a lower metal electrode layer). As an example, the work-function adjusting layer
151 may include a work-function adjusting material. The work-function adjusting material may
include at least one of lanthanum (La), strontium (Sr), antimony (Sb), yttrium (Y), aluminum
(Al), hafnium (Hf), or iridium (Ir).

[0068] The formation of the work-function adjusting layer 151 may include depositing a
plurality of layers and performing a thermal treatment process thereon. For example, a
lanthanum oxide layer and a titanium nitride layer may be sequentially deposited in the recess
regions RS, and then, an annealing process may be performed at a temperature ranging from
about 500°C to about 1000°C. In some embodiments, an interface between the lanthanum oxide
layer and the titanium nitride layer may be maintained. On the other hand, in some embodiments,

as a result of counter diffusion of materials, there may be no interface between the lanthanum
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oxide layer and the titanium nitride layer. The upper metal electrode layer 152 may be formed of
or include at least one of W, Ti, or Ta. For example, the upper metal electrode layer 152 may be
formed of or include the same material as the lower metal electrode layer 136.

[0069] Referring to FIGS. 1 and 18, upper portions of the work-function adjusting layer 151 and
the upper metal electrode layer 152 may be removed. The removal of the upper portions of the
work-function adjusting layer 151 and the upper metal electrode layer 152 may include an etch-
back process. The work-function adjusting layer 151 and the upper metal electrode layer 152
may be removed from the first recess regions RS1, whereas the work-function adjusting layer
151 and the upper metal electrode layer 152 in the second recess regions RS2 may be overlapped
(e.g., covered) with the gate insulating layer 120 and thus may not be removed. In some
embodiments, the work-function adjusting layer 151 and the upper metal electrode layer 152
may be completely removed from the first recess regions RS1. On the other hand, in some
embodiments, a portion of them may remain in the first recess regions RS1.

[0070] In the first recess regions RS1, the work-function adjusting layer 151 may be provided to
expose the upper metal electrode layer 152. For example, in the first recess regions RS1, the
work-function adjusting layer 151 may have a ‘U’-shaped section. By contrast, in the second
recess regions RS2, the work-function adjusting layer 151 may be provided to overlap (e.g.,
cover) a top surface of the upper metal electrode layer 152. For example, in the second recess
regions RS2, the work-function adjusting layer 151 may have a ring-shaped section. The work-
function adjusting layer 151 may include a portion that is interposed between the upper metal
electrode layer 152 and the lower metal electrode layer 136.

[0071] As a result of the afore-described process, gate electrodes GE may be formed to include
the barrier electrode layer 131, the lower metal electrode layer 136, the work-function adjusting
layer 151, and the upper metal electrode layer 152. The combination of the barrier electrode
layer 131 and the lower metal electrode layer 136 may be an electrode portion having a relatively
large work-function, and the combination of the work-function adjusting layer 151 and the upper
metal electrode layer 152 may be an electrode portion having a relatively small work-function.
[0072] Referring to FIGS. 1 and 19, capping insulating patterns 141 may be formed to fill the
first recess regions RS1. Thereafter, first and second impurity regions 171 and 172 may be
formed.

[0073] FIGS. 20 to 22 are sectional views illustrating a semiconductor memory device and a
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method of fabricating the same, according to some embodiments of the inventive concepts.
[0074] Referring to FIGS. 1 and 20, a metal oxide 176 may be formed on the resulting structure
described with reference to FIG. 10. The metal oxide 176 may include a work-function adjusting
material. The work-function adjusting material may include at least one of lanthanum (La),
strontium (Sr), antimony (Sb), yttrium (Y), aluminum (Al), hafnium (Hf), or iridium (Ir). The
metal oxide 176 may be formed to fill at least a portion of the recess regions RS and to be in
contact with the barrier electrode layer 131 and the metal electrode layer 136.

[0075] Referring to FIGS. 1 and 21, a thermal treatment process may be performed, and thus, the
work-function adjusting material in the metal oxide 176 may be diffused into the barrier
electrode layer 131. The thermal treatment process may be performed at a temperature ranging
from about 500°C to about 1000°C. In the case where the metal oxide 176 is lanthanum oxide,
lanthanum in the metal oxide 176 may be diffused into an upper portion of the barrier electrode
layer 131 by the thermal treatment process. A portion of the barrier electrode layer 131 may be
combined with the diffused lanthanum to form a work-function adjusting layer 153. In the case
where the barrier electrode layer 131 is formed of titanium nitride, the work-function adjusting
layer 153 may be a titanium-lanthanum nitride layer.

[0076] The work-function adjusting layer 153 may be locally formed on the barrier electrode
layer 131. That is, the work-function adjusting material may be easily diffused into the barrier
electrode layer 131 and may not be diffused into the metal electrode layer 136. In some
embodiments, the work-function adjusting material may be diffused into the metal electrode
layer 136 at a relatively low rate. The work-function adjusting material may be horizontally
diffused, and in this case, the work-function adjusting layer 153 may also be formed in the upper
portions of the barrier electrode layer 131 in the gate regions GR. A depth of the work-function
adjusting layer 153 (or a position of a boundary between the work-function adjusting layer 153
and the barrier electrode layer 131) may be determined by adjusting process parameters (e.g.,
temperature and/or time) of the thermal treatment process.

[0077] Referring to FIGS. 1 and 22, after the thermal treatment process, the metal oxide 176 may
be removed. Thereafter, capping insulating patterns 141 may be formed to fill the recess regions
RS.

[0078] According to some embodiments of the inventive concepts, it may be possible to realize a

semiconductor device with high integration density and improved electric characteristics. In
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addition, it may be possible to simplify a process of fabricating a semiconductor device.

[0079] The above-disclosed subject matter is to be considered illustrative, and not restrictive,
and the appended claims are intended to cover all such modifications, enhancements, and other
embodiments, which fall within the true spirit and scope. Thus, to the maximum extent allowed
by law, the scope is to be determined by the broadest permissible interpretation of the following
claims and their equivalents, and shall not be restricted or limited by the foregoing detailed

description.
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WHAT IS CLAIMED IS:

1. A semiconductor memory device comprising:

a substrate;

a device isolation layer defining active regions of the substrate; and

a gate line structure comprising a gate insulating layer and a gate electrode that are buried
in a trench of the substrate to cross the active regions,

wherein the trench comprises first trench portions on the device isolation layer and
second trench portions on the active regions, and

wherein, in the second trench portions, the gate insulating layer overlaps a top surface of

the gate electrode.

2. The semiconductor memory device of claim 1, wherein each of the second trench
portions comprises an upper trench comprising a first width and a lower trench comprising a

second width that is wider than the first width.

3. The semiconductor memory device of claim 2, wherein, in the second trench
portions, the gate electrode is in the lower trench and the gate insulating layer encloses the gate

electrode.

4. The semiconductor memory device of claim 3, wherein the gate insulating layer is

in the upper trench and the upper trench is free of the gate electrode.

5. The semiconductor memory device of claim 1, wherein the gate line structure
further comprises capping insulating patterns in the first trench portions on the top surface of the

gate electrode.
6. The semiconductor memory device of claim 5, wherein, in the first trench

portions, the capping insulating patterns are in a region defined by an inner side surface of the

gate insulating layer and the top surface of the gate electrode.
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7. The semiconductor memory device of claim 5, wherein adjacent first and second
ones of the capping insulating patterns are spaced apart from each other by one of the active

regions, in a plan view.

8. The semiconductor memory device of claim 5, wherein the capping insulating
patterns and the gate insulating layer are alternately arranged along a top surface of the gate line

structure.

9. The semiconductor memory device of claim 5,
wherein the capping insulating patterns comprise first capping insulating patterns
comprising a first width and second capping insulating patterns comprising a second width that is
narrower than the first width, and
wherein the first capping insulating patterns and the second capping insulating patterns

alternate with each other in a direction that intersects the first width and the second width.

10. The semiconductor memory device of claim 5, wherein the gate electrode

protrudes toward a top surface of the substrate, between the capping insulating patterns.

11. The semiconductor memory device of claim 1, further comprising a spacer on an
outer side surface of the gate insulating layer,

wherein, in the first trench portions, the spacer is horizontally spaced apart from the gate
electrode by the gate insulating layer, and

wherein, in the second trench portions, a bottom surface of the spacer is vertically spaced

apart from the top surface of the gate electrode by the gate insulating layer.

12. The semiconductor memory device of claim 1,

wherein the gate electrode comprises first electrode portions in the first trench portions
and second electrode portions in the second trench portions, and

wherein top surfaces of the second electrode portions are located at a level closer than top

surfaces of the first electrode portions to a top surface of the substrate.
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13. The semiconductor memory device of claim 12, wherein the top surfaces of the

second electrode portions comprise rounded surfaces, respectively.

14.  The semiconductor memory device of claim 12, wherein the second electrode

portions are wider than the first electrode portions.

15. The semiconductor memory device of claim 12, wherein the second electrode

portions comprise protruding portions that protrude toward the top surface of the substrate.

16. The semiconductor memory device of claim 15, wherein the protruding portions

comprise doped silicon.

17. The semiconductor memory device of claim 1,

wherein the gate electrode comprises a lower gate electrode and an upper gate electrode,

wherein the lower gate electrode comprises a lower metal electrode layer and a lower
barrier electrode layer, and

wherein the upper gate electrode comprises an upper metal electrode layer and a work-

function adjusting layer enclosing at least a portion of the upper metal electrode layer.

18. A semiconductor memory device comprising:

a substrate;

a device isolation layer defining active regions of the substrate; and

a gate line structure buried in a trench in the substrate to cross the active regions,

wherein the gate line structure comprises a gate insulating layer and a gate electrode in
the trench,

wherein the gate electrode comprises first electrode portions on the device isolation layer
and second electrode portions on the active regions, and

wherein the second electrode portions are wider than the first electrode portions.

19. The semiconductor memory device of claim 18, wherein bottom surfaces of the

second electrode portions are closer than bottom surfaces of the first electrode portions to a top
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surface of the substrate.
20. The semiconductor memory device of claim 18, wherein top surfaces of the first

electrode portions are farther than top surfaces of the second electrode portions from a top

surface of the substrate.
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