US 20100078698A1

a2y Patent Application Publication o) Pub. No.: US 2010/0078698 A1

a9 United States

Son et al.

43) Pub. Date: Apr. 11,2010

(54) VERTICAL SEMICONDUCTOR DEVICE,
DRAM DEVICE INCLUDING THE SAME

(76) Inventors: Yong-Hoon Son, Hwasung-City
(KR); Jong-Wook Lee,
Hwasung-City (KR); Jong-Hyuk

Kang, Hwasung-City (KR)

Correspondence Address:

LEE & MORSE, P.C.

3141 FAIRVIEW PARK DRIVE, SUITE 500
FALLS CHURCH, VA 22042 (US)

(21) Appl. No.: 12/585,776

Publication Classification

(51) Int.CL
HOIL 27/06 (2006.01)
HOIL 29/78 (2006.01)
(52) US.Cl .coooooon. 257/296; 257/329; 257/E29.262;
257/B27.016
(57) ABSTRACT

A vertical semiconductor device, a DRAM device, and asso-
ciated methods, the vertical semiconductor device including
single crystalline active bodies vertically disposed on an
upper surface of a single crystalline substrate, each of the
single crystalline active bodies having a first active portion on
the substrate and a second active portion on the first active
portion, and the first active portion having a first width
smaller than a second width of the second active portion, a
gate insulating layer on a sidewall of the first active portion

(22) Filed: Sep. 24,2009 and the upper surface of the substrate, a gate electrode on the
gate insulating layer, the gate electrode having a linear shape
(30) Foreign Application Priority Data surrounding the active bodies, a first impurity region in the
upper surface of the substrate under the active bodies, and a
Sep. 26,2008  (KR) .ccoevvvireiinne 10-2008-0094800 second impurity region in the second active portion.
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VERTICAL SEMICONDUCTOR DEVICE,
DRAM DEVICE INCLUDING THE SAME

BACKGROUND

[0001] 1. Field

[0002] Embodiments relate to a vertical semiconductor
device, a DRAM device including the same, and associated
methods.

[0003] 2. Description of the Related Art

[0004] Assemiconductor devices have become highly inte-
grated, a gate length ofa MOS transistor in the semiconductor
device may gradually decrease. Thus, it may be desirable that
the MOS transistor have a three-dimensional structure.
[0005] For example, in order to increase an integration
degree of a semiconductor device, cell transistors of a unit
chip may include vertical pillar transistors having a channel
direction extending substantially vertically from an upper
surface of a semiconductor substrate. The vertical pillar tran-
sistor may have a relatively smaller horizontal area and a
relatively longer channel length when compared to those of a
planar transistor. However, because the vertical pillar transis-
tor may require complicated manufacturing processes, it may
be difficult to produce the vertical pillar transistors on a large
scale.

[0006] The vertical pillar transistor may include a gate on a
sidewall of a vertical semiconductor pillar. Thus, the vertical
pillar transistor may have variable characteristics in accor-
dance with the vertical semiconductor pillar. In order to
improve operational characteristics of the vertical pillar tran-
sistor, it may be desirable to form a vertical semiconductor
pillar having good charge conduction characteristics without
defects.

SUMMARY

[0007] Embodiments are directed to a vertical semiconduc-
tor device, a DRAM device including the same, and associ-
ated methods, which substantially overcome one or more of
the drawbacks, limitations, and/or disadvantages of the
related art.

[0008] Itis afeature of an embodiment to provide a vertical
semiconductor device having good channel characteristics.
[0009] It is another feature of an embodiment to provide a
method of manufacturing a vertical semiconductor device by
simple processes.

[0010] At least one of the above and other features and
advantages may be realized by providing a vertical semicon-
ductor device including single crystalline active bodies ver-
tically disposed on an upper surface of a single crystalline
substrate, each of the single crystalline active bodies having a
first active portion on the substrate and a second active portion
on the first active portion, and the first active portion having a
first width smaller than a second width of the second active
portion, a gate insulating layer on a sidewall of the first active
portion and the upper surface ofthe substrate, a gate electrode
on the gate insulating layer, the gate electrode having a linear
shape surrounding the active bodies, a first impurity region in
the upper surface of the substrate under the active bodies, and
a second impurity region in the second active portion.

[0011] The active bodies may be formed by a laser epitaxial
process.

[0012] The first width may be about 5 nm to about 30 nm.
[0013] At least one of the above and other features and

advantages may also be realized by providing a method of
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manufacturing a vertical semiconductor device including
implanting impurities into a single crystalline substrate to
form a first impurity region, forming a sacrificial layer struc-
ture on an upper surface of the substrate, such that the sacri-
ficial layer structure has holes exposing the first impurity
region on the upper surface of the single-crystalline substrate,
forming inner spacers on side surfaces of the holes, vertically
forming single crystalline active bodies in the holes on the
upper surface of the single crystalline substrate, such that
each of the single crystalline active bodies has a first active
portion on the substrate and a second active portion on the first
active portion and such that the first active portion has a first
width smaller than a second width of the second active por-
tion, forming a gate insulating layer on a sidewall of the first
active portion and the upper surface of the substrate, forming
a gate electrode on the gate insulating layer, such that the gate
electrode has a linear shape surrounding the active bodies,
and implanting impurities into the second active portion to
form a second impurity region.

[0014] Forming the sacrificial layer structure may include
forming a sacrificial layer on the substrate, forming a first
protecting layer on the sacrificial layer, and etching the sac-
rificial layer and the first protecting layer to form the sacrifi-
cial layer structure having the holes.

[0015] Forming the sacrificial layer may include forming a
pad oxide layer on the substrate, forming a silicon nitride
layer on the pad oxide layer, and forming a silicon oxide layer
on the silicon nitride layer.

[0016] The method may further include forming a second
protecting layer on the sacrificial layer structure to cover the
active bodies.

[0017] The method may further include patterning the sac-
rificial layer structure to expose the sacrificial layer, and
removing the sacrificial layer and inner spacers to expose the
sidewall of the first active portion.

[0018] The gate insulating layer may be formed on the
exposed sidewall of the first active portion.

[0019] The inner spacer may have an upper surface lower
than that of the sacrificial layer structure.

[0020] A distance between the upper surface of the inner
spacer and the upper surface of the sacrificial layer structure
may be substantially the same as a length of the second active
portion.

[0021] A width between the inner spacers in the hole may
be about 5 nm to about 30 nm.

[0022] Forming the active bodies may include filling an
opening between the inner spacers with a polysilicon layer
pattern, and thermally treating the polysilicon layer pattern
using a laser to form the active bodies.

[0023] Forming the gate insulating layer and the gate elec-
trode may include oxidizing surfaces of the first active portion
and the substrate to form the gate insulating layer, forming a
conductive layer on the substrate to cover the gate insulating
layer, and patterning the conductive layer to form the linear
gate electrode.

[0024] At least one of the above and other features and
advantages may also be realized by providing a DRAM
device including single crystalline active bodies vertically
disposed on an upper surface of a single crystalline substrate,
each of the single crystalline active bodies having a first active
portion on the substrate and a second active portion on the first
active portion, and the first active portion having a first width
smaller than a second width of the second active portion, a
gate insulating layer on a sidewall of the first active portion
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and the upper surface of the substrate, a gate electrode on the
gate insulating layer, the gate electrode having a linear shape
surrounding the active bodies, and the gate electrode being
usable with a word line, a first impurity region in the upper
surface of the substrate under the active bodies, a second
impurity region in the second active portion, a bit line struc-
ture electrically connected to the first impurity region, and a
capacitor electrically connected to the second impurity

region.
[0025] The first width may be about 5 nm to about 30 nm.
[0026] The substrate may have an isolation region and an

active region, and the active region may have an extending
direction at an angle of no more than about 90° with respect to
the gate electrode.

[0027] The DRAM may further include a protecting layer
covering an upper surface and an upper sidewall of the active
bodies.

[0028] At least one of the above and other features and
advantages may also be realized by providing a method of
manufacturing a DRAM device including implanting impu-
rities in an upper surface of a single crystalline substrate to
form a first impurity region, forming a sacrificial layer struc-
ture on an upper surface of the substrate, such that the sacri-
ficial layer structure has holes exposing the first impurity
region in the upper surface of the single-crystalline substrate,
forming inner spacers on side surfaces of the holes, vertically
forming single crystalline active bodies on the upper surface
of'the single crystalline substrate, such that each of the single
crystalline active bodies has a first active portion on the sub-
strate and a second active portion on the first active portion
and such that the first active portion has a first width smaller
than a second width of the second active portion, forming a
gate insulating layer on a sidewall of the first active portion
and the upper surface of the substrate, forming a gate elec-
trode on the gate insulating layer, such that the gate electrode
has a linear shape surrounding the active bodies, implanting
impurities into the second active portion to form a second
impurity region, electrically connecting a bit line structure to
the first impurity region, and electrically connecting a capaci-
tor to the second impurity region.

[0029] Forming the active bodies may include filling an
opening between the inner spacers with a polysilicon layer
pattern, and thermally treating the polysilicon layer pattern
using a laser to form the active bodies.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] The above and other features and advantages will
become more apparent to those of ordinary skill in the art by
describing in detail exemplary embodiments with reference
to the attached drawings, in which:

[0031] FIG.1illustrates a cross-sectional view of a vertical
transistor in accordance with an embodiment;

[0032] FIG. 2 illustrates a perspective view of the vertical
transistor of FIG. 1;

[0033] FIG. 3 illustrates a perspective view of a single
crystalline epitaxial layer pattern of the vertical transistor of
FIG. 1,

[0034] FIGS. 4 to 13 illustrate cross-sectional views of
stages in a method of manufacturing the vertical transistor of
FIG. 1,

[0035] FIG. 14 illustrates a cross-sectional view of a
DRAM device including the vertical transistor of FIG. 1;
[0036] FIG. 15 illustrates a plan view of a DRAM device
including the vertical transistor of FIG. 1;
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[0037] FIGS. 16 to 20 illustrate cross-sectional views of
stages in a method of manufacturing the DRAM device of
FIG. 14,

[0038] FIG. 21 illustrates a block diagram of a memory
system in accordance with an embodiment;

[0039] FIG. 22 illustrates a block diagram of a host system
in accordance with an embodiment;

[0040] FIG. 23 illustrates a block diagram of a portable
device in accordance with an embodiment; and

[0041] FIG. 24 illustrates a block diagram of a computer
system in accordance with an embodiment.

DETAILED DESCRIPTION

[0042] Korean Patent Application No. 10-2008-0094800,
filed on Sep. 26, 2008, in the Korean Intellectual Property
Office, and entitled: “Vertical Semiconductor Device and
Method of Manufacturing the Same,” is incorporated by ref-
erence herein in its entirety.

[0043] Example embodiments will now be described more
fully hereinafter with reference to the accompanying draw-
ings; however, they may be embodied in different forms and
should not be construed as limited to the embodiments set
forth herein. Rather, these embodiments are provided so that
this disclosure will be thorough and complete, and will fully
convey the scope of the invention to those skilled in the art.
[0044] Inthe drawing figures, the dimensions of layers and
regions may be exaggerated for clarity of illustration. It will
also be understood that when a layer or element is referred to
as being “on” another layer or substrate, it can be directly on
the other layer or substrate, or intervening layers may also be
present. Further, it will be understood that when a layer is
referred to as being “under” another layer, it can be directly
under, and one or more intervening layers may also be
present. In addition, it will also be understood that when a
layer is referred to as being “between” two layers, it can be the
only layer between the two layers, or one or more intervening
layers may also be present. Like reference numerals refer to
like elements throughout.

[0045] It will be understood that when an element or layer
is referred to as being “connected to” or “coupled to” another
element or layer, it can be directly connected or coupled to the
other element or layer or intervening elements or layers may
be present. In contrast, when an element is referred to as being
“directly connected to” or “directly coupled to” another ele-
ment or layer, there are no intervening elements or layers
present. Like numerals refer to like elements throughout. As
used herein, the term “and/or” includes any and all combina-
tions of one or more of the associated listed items.

[0046] It will be understood that, although the terms first,
second, third etc. may be used herein to describe various
elements, components, regions, layers and/or sections, these
elements, components, regions, layers and/or sections should
not be limited by these terms. These terms are only 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 invention.
[0047] 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 rela-
tionship to another element(s) or feature(s) as illustrated in
the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
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device in use or operation in addition to the orientation
depicted in the figures. For example, if the device in the
figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the exemplary
term “below” can encompass both an orientation of above and
below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

[0048] The terminology used herein is for the purpose of
describing particular example embodiments only and is not
intended to be limiting of the present invention. 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 will be further understood that the
terms “comprises” and/or “comprising,” when used in this
specification, specify the presence of stated features, integers,
steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other fea-
tures, integers, steps, operations, elements, components, and/
or groups thereof.

[0049] Example embodiments are described herein with
reference to cross-sectional illustrations that are schematic
illustrations of idealized example embodiments (and interme-
diate structures). As such, variations from the shapes of the
illustrations as a result, for example, of manufacturing tech-
niques and/or tolerances, are to be expected. Thus, example
embodiments should not be construed as limited to the par-
ticular shapes of regions illustrated herein but are to include
deviations in shapes that result, for example, from manufac-
turing. For example, an implanted region illustrated as a rect-
angle will, typically, have rounded or curved features and/or
a gradient of implant concentration at its edges rather than a
binary change from implanted to non-implanted region. Like-
wise, a buried region formed by implantation may result in
some implantation in the region between the buried region
and the surface through which the implantation takes place.
Thus, the regions illustrated in the figures are schematic in
nature and their shapes are not intended to illustrate the actual
shape of a region of a device and are not intended to limit the
scope of the present invention.

[0050] Unless otherwise defined, all terms (including tech-
nical and scientific terms) used herein have the same meaning
as commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood
that terms, such as those defined in commonly used dictio-
naries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art
and will not be interpreted in an idealized or overly formal
sense unless expressly so defined herein.

[0051] Hereinafter, embodiments will be explained in
detail with reference to the accompanying drawings.

[0052]

[0053] FIG. 1 illustrates a cross-sectional view of a vertical
transistor in accordance with an embodiment. FIG. 2 illus-
trates a perspective view of the vertical transistor of FIG. 1.
FIG. 3 illustrates a perspective view of a single crystalline
epitaxial layer pattern of the vertical transistor of FIG. 1.

[0054] Referring to FIGS. 1 to 3, a single crystalline epi-
taxial layer pattern 32 may contact an upper surface of a
single crystalline semiconductor substrate 10. The epitaxial
layer pattern 32 may have, e.g., a pillar shape. That is, the
epitaxial layer pattern 32 may have a shape vertically extend-

Vertical Transistor
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ing from the upper surface of the semiconductor substrate 10.
The epitaxial layer pattern 32 may serve as an active body.
[0055] The epitaxial layer pattern 32 may have a first active
portion 32a and a second active portion 3256 on the first active
portion 32a. The first active portion 32¢ may serve as a
channel region of the vertical transistor. The second active
portion 325 may serve as a contact plug. Thus, hereinafter, the
first active portion 32a may be referred to as a channel portion
and the second active portion 326 may be referred to as a
contact portion.

[0056] The channel portion 32a may have a width of about
5 nm to about 30 nm. Preferably, the width is about 10 nm.
Thus, the channel portion 32¢ may have a nano-wire struc-
ture. Such a structure may enable a desirable volume inver-
sion in the channel region of the vertical transistor.

[0057] The contact portion 326 may have a width greater
than that of the channel portion 32a. Accordingly, the contact
portion 326 may have an upper surface on which a contact
plug may be easily formed.

[0058] Anintersection portion between the channel portion
32a and the contact portion 326 may have a gradually
decreased width in a downward direction. The width of the
channel portion 32¢ may allow the volume inversion. The
channel portion 32a may have a lower surface that contacts
the upper surface of the semiconductor substrate 10. The
single crystalline epitaxial layer pattern 32 may be formed by,
e.g., a laser epitaxial process.

[0059] A gate insulating layer 38 may be formed on a
sidewall of the channel portion 324 and the upper surface of
the semiconductor substrate 10. The gate insulating layer 38
may include, e.g., silicon oxide formed by a thermal oxida-
tion process.

[0060] A gate clectrode 40a may be formed on the gate
insulating layer 38 to surround the single crystalline epitaxial
layer pattern 32. The gate electrode 40a may have a linear
shape surrounding adjacent single crystalline epitaxial layer
patterns 32. The gate electrode 40a may have an upper surface
lower than an upper surface of the single crystalline epitaxial
layer pattern 32. Therefore, because the gate electrode 40a
may surround the single crystalline epitaxial layer pattern 32,
and the channel portion 324 of the epitaxial layer pattern 32
may be a nano-wire, the channel region may be formed both
inside the epitaxial layer pattern 32 as well as on a surface of
the epitaxial layer pattern 32.

[0061] A first impurity region 12 may be formed in the
upper surface of the semiconductor substrate 10 under the
single crystalline epitaxial layer pattern 32. A second impu-
rity region 42 may be formed in the contact portion 326 of the
epitaxial layer pattern 32.

[0062] A protecting layer pattern 35 may be formed on a
side upper surface and the upper surface of the epitaxial layer
pattern 32. The protecting layer pattern 35 may include a first
protecting layer 20 on the side upper surface of the epitaxial
layer pattern 32 and a second protecting layer 34 on the upper
surface of the epitaxial layer pattern 32. The protecting layer
pattern 35 may have a linear shape extending in a direction
substantially in parallel with that of the gate electrode 40a. A
pad oxide layer 14 and a silicon nitride layer 16 may be
sequentially formed on the semiconductor substrate 10
between the gate electrodes 40a of the vertical transistors.
[0063] According to an embodiment, the channel region of
the vertical semiconductor device may be formed as a nano-
wire in the single crystalline epitaxial layer pattern. Thus, the
channel region may be formed by volume inversion, not sur-
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face inversion, during operation of the vertical transistor.
Accordingly, the vertical semiconductor device may have
good conductivity in the channel region and thus an increased
current passing through the channel region. As a result, the
vertical semiconductor device may have improved opera-
tional characteristics.

[0064]

[0065] FIGS. 4 to 13 illustrate cross-sectional views of
stages in a method of manufacturing the vertical transistor in
FIG. 1. Referring to FIG. 4, impurities may be implanted into
a single crystalline semiconductor substrate 10 to form a first
impurity region 12. The first impurity region 12 may be used
as any one of a source region and a drain region of the vertical
transistor.

[0066] A sacrificial layer structure 22 may be formed on the
semiconductor substrate 10. The sacrificial layer may be
formed by the following steps. A pad oxide layer 14 may be
formed on the semiconductor substrate 10. A silicon nitride
layer 16 may be formed on the pad oxide layer 14. The pad
oxide layer 14 interposed between the silicon nitride layer 16
and the semiconductor substrate 10 may reduce stresses
between the silicon nitride layer 16 and the semiconductor
substrate 10. A silicon oxide layer 18 may then be formed on
the silicon nitride layer 16. The silicon oxide layer 18 may
have an upper surface substantially aligned with an end of a
channel portion in a single crystalline epitaxial layer pattern
to be formed later, as described below. A first protecting layer
20 may then be formed on the silicon oxide layer 18. The first
protecting layer 20 may include, e.g., silicon nitride. Accord-
ingly, the sacrificial layer structure 22 may include the
sequentially stacked pad oxide layer 14, silicon nitride layer
16, silicon oxide layer 18, and first protecting layer 20.

[0067] Referring to FIG. 5, the sacrificial layer structure 22
may be partially etched to form a first opening 24, i.e., hole,
exposing at least a portion of the upper surface of the semi-
conductor substrate 10 in the first impurity region 12. The first
opening 24 may be located in a region where the single
crystalline epitaxial layer pattern will be formed, as described
below.

[0068] Although not depicted in drawings, a plurality of
first openings 24 may be regularly arranged at substantially
the same interval. Further, the first opening 24 may have a
minimum width formed by a photolithography process. The
first opening 24 may have a width of about 30 nm to about 50
nm

Method of Manufacturing a Vertical Transistor

[0069] Referring to FIG. 6, a spacer layer (not shown) may
be formed on a side surface and a bottom surface of the first
opening 24. The spacer layer may have an etching selectivity
higher than that of the first protecting layer 20. That is, during
etching of the spacer layer, preventing etching of the first
protecting layer 20 may be desirable. Further, the spacer layer
may include a material substantially the same as that ofa layer
beneath the first protecting layer 20, i.e., the silicon oxide
layer 18. This may allow removal of the silicon oxide layer 18
together with the spacer layer. Accordingly, the spacer layer
may include silicon oxide.

[0070] A space between portions of the spacer layers on
opposing sidewalls of the first opening 24 may correspond to
a pillar width of the channel of portion in the vertical transis-
tor to be formed later, as described below. Thus, the pillar
width of the channel portion in the vertical transistor may be
adjusted by controlling a thickness of the spacer layer. For
example, in order to form a desired pillar width, the spacer
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layer may have a thickness substantially the same as a half of
a desired decrease width from the width of the first opening
24.

[0071] In order to provide the vertical transistor with a
nano-wire structure that enables a volume inversion in the
vertical transistor, the pillar width of the channel portion may
be about 5 nm to about 30 nm. Preferably, the pillar width of
the channel portion is about 10 nm. Thus, when the first
opening 24 has a width of about 30 nm and a desired pillar
width is about 10 nm, the spacer layer may have a width of
about 10 nm.

[0072] The spacer layer may then be anisotropically etched
to form an inner spacer 26 on the side surface of the first
opening 24. The inner spacer 26 may have an upper surface
lower than the upper surface of the sacrificial layer structure
22. Preferably, the upper surface of the inner spacer 26 is
aligned substantially coplanar with that of the silicon oxide
layer 18. Such a configuration may enable a sidewall of a
contact portion of the later formed single crystalline epitaxial
layer pattern to be protected by the first protecting layer 20.
Hereinafter, a portion of the first opening 24 remaining after
the inner spacer 26 has been formed is referred to a second
opening 28.

[0073] The contact portion of the single crystalline epi-
taxial layer pattern may be formed in a space of the second
opening 28 between the upper surface of the inner spacer 26
and the upper surface of the sacrificial layer structure 22.
Thus, a thickness of the contact portion may be adjusted by
controlling an etched thickness of the inner spacer 26. Fur-
ther, the channel portion of the single crystalline epitaxial
layer pattern may be formed in a space of the second opening
28 between the upper surface of the inner spacer 26 and the
upper surface of the semiconductor substrate 10. Therefore, a
thickness of the channel portion may be adjusted by control-
ling the etched thickness of the inner spacer 26. As a result, a
doping concentration in the second impurity region may be
readily controlled by adjusting the thickness of the contact
portion.

[0074] Referring to FIG. 7, a polysilicon layer (not shown)
may be formed on the sacrificial layer structure 22 and fill the
second opening 28. The polysilicon layer may be formed by,
e.g., a low pressure chemical vapor deposition (LPCVD)
process. The LPCVD process may be performed in-situ with
a channel doping process.

[0075] The polysilicon layer may be planarized by, e.g., a
chemical mechanical polishing (CMP) process, until the
upper surface of the sacrificial layer structure 22 is exposed to
form a polysilicon layer pattern 30. Alternatively, an amor-
phous silicon layer may be formed in the second opening 28.
The amorphous silicon layer may be planarized to form an
amorphous silicon layer pattern.

[0076] Referring to FIG. 8, a laser epitaxial growth process
may be performed on the semiconductor substrate 10 to con-
vert the polysilicon layer pattern 30 into the single crystalline
epitaxial layer pattern 32.

[0077] The laser used in the epitaxial growth process may
have an energy density sufficient for completely melting the
polysilicon layer pattern 30. Particularly, the laser may irra-
diate the polysilicon layer pattern 30 to melt the polysilicon
layer pattern 30, thereby converting a solid phase into a liquid
phase in the polysilicon layer pattern 30. The phase change
may be generated from an upper surface of the polysilicon
layer pattern 30 to the upper surface of the semiconductor
substrate 10. In order to melt the polysilicon layer pattern 30,
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the laser may have a temperature of about 1,410° C., corre-
sponding to a melting temperature of the polysilicon layer
pattern 30.

[0078] The single crystalline semiconductor substrate 10
may function as a seed for the liquefied polysilicon layer
pattern 30 to convert the crystalline structure into a single
crystalline structure in the polysilicon layer pattern 30. A
laser emitter for irradiating the laser may include, e.g., a gas
laser emitter such as an excimer laser emitter. In order to
reduce an irradiation time of the laser, the laser emitter may
have a scan function.

[0079] During the laser irradiation, the single crystalline
semiconductor substrate 10 may be heated. The heating of the
semiconductor substrate 10 may reduce a temperature gradi-
ent in the polysilicon layer pattern 30. For example, the single
crystalline semiconductor substrate 10 may be heated to a
temperature of about 400° C. during the laser irradiation.
[0080] As mentioned above, the laser may irradiate the
polysilicon layer pattern 30 to convert the crystalline struc-
ture into the single crystalline structure in the polysilicon
layer pattern 30, thereby forming the pillar-shaped single
crystalline epitaxial layer pattern 32 on the single crystalline
semiconductor substrate 10.

[0081] The single crystalline epitaxial layer pattern 32 may
have a shape vertically protruding from the upper surface of
the semiconductor substrate 10. The single crystalline epi-
taxial layer pattern 32 may serve as an active body.

[0082] The single crystalline epitaxial layer pattern 32 may
have a channel portion 32a and a contact portion 326. The
channel portion 32a may be formed on the upper surface of
the semiconductor substrate 10. Further, the channel portion
32a may have a first width d1. The channel portion 324 may
be used as a channel region of the vertical transistor. The
contact portion 325 may be formed on the channel portion
32a. The contact portion 326 may have a second width d2
greater than the first width d1 of the channel portion 32a. The
contact portion 326 may be an impurity region of the vertical
transistor.

[0083] Alternatively, the single crystalline epitaxial layer
pattern 32 may be formed by, e.g., a solid phase epitaxial
regrowth process, a metal induced crystallization process
using a metal catalyst, etc. That is, the polysilicon layer pat-
tern 30 may be thermally treated using a furnace at a tempera-
ture of about 600° C. to about 700° C. to convert the crystal-
line structure into the single crystalline structure.

[0084] Referring to FIG. 9, a second protecting layer 34
may then be formed on the single crystalline epitaxial layer
pattern 32 and the sacrificial layer structure 22. Therefore, the
upper sidewall and upper surface of the single crystalline
epitaxial layer pattern 32 may be covered with the first pro-
tecting layer 20 and the second protecting layer 34.

[0085] Referring to FIG. 10, the second protecting layer 34,
the first protecting layer 20, and the silicon oxide layer 18
may be etched to form a stacked structure 36. The stacked
structure 36 may have a linear shape covering the single
crystalline epitaxial layer pattern 32. In addition, the stacked
structure 36 may extend in a direction substantially the same
as an extending direction of a gate electrode to be formed
later, as described below. That is, the first protecting layer 20
and the second protecting layer 34 may have a linear extend-
ing shape covering the upper sidewall and the upper surface of
the single crystalline epitaxial layer pattern 32.

[0086] Referring to FIG. 11, the silicon oxide layer 18 and
the inner spacer 26 in the stacked structure 36 may be
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removed by, e.g., an isotropic etching process. When the
isotropic etching process is completed, the sidewall of the
single crystalline epitaxial layer pattern 32 where the channel
region will be formed may be exposed. Portions of the first
protecting layer 20 and the second protecting layer 34 may
still remain.

[0087] Referring to FIG. 12, a gate insulating layer 38 may
be formed on the sidewall of the single crystalline epitaxial
layer pattern 32, e.g., the channel portion 324, and the upper
surface of the semiconductor substrate 10. The gate insulating
layer 38 may be formed by, e.g., a thermal oxidation process.
The gate insulating layer 38 may not be formed on the contact
portion 325 of the epitaxial layer pattern 32 and the silicon
nitride layer 16. Thus, the gate insulating layer 38 may be
formed only on the channel portion 324 of the epitaxial layer
pattern 32.

[0088] A gate conductive layer 40 may be formed on the
gate insulating layer 38 and the semiconductor substrate 10 to
cover the single crystalline epitaxial layer pattern 32. The gate
conductive layer 40 may include polysilicon formed by, e.g.,
an LPCVD process. The gate conductive layer 40 may be
planarized until the upper surface of the second protecting
layer 34 is exposed.

[0089] Referring to FIG. 13, the gate conductive layer 40
may then be patterned to form a gate electrode 40a. The gate
electrode 40a may have a linear shape surrounding the single
crystalline epitaxial layer pattern 32. The gate electrode 40a
may be formed by, e.g., an etching process. The etching
process may use the silicon nitride layer 16 as an etching stop
layer.

[0090] As illustrated in FIG. 2, the gate electrode 40a may
surround each of the regularly arranged single crystalline
epitaxial layer patterns 32.

[0091] Impurities may be implanted into the contact por-
tion 325 of the epitaxial layer pattern 32 to form a second
impurity region 42. The second impurity region 42 may be
used for any one of the source region and the drain region of
the vertical transistor. In an implementation, prior to forming
the second impurity region 42, the silicon nitride layer 16 may
be removed by, e.g., a wet etching process.

[0092] Alternatively, the process for forming the second
impurity region 42 may be performed between the process for
forming the single crystalline epitaxial layer pattern 32 and
the process for forming the gate electrode 40a.

[0093] According to this embodiment, the vertical transis-
tor having the nano-wire shaped channel region may be
manufactured by simple processes.

[0094] DRAM Device

[0095] FIG. 14 illustrates a cross-sectional view of a
DRAM device including the vertical transistor of FIG. 1. FIG.
15 illustrates a plan view of a DRAM device including the
vertical transistor of FIG. 1.

[0096] Here, the DRAM device of FIGS. 14 and 15 of the
embodiment may include a vertical transistor substantially
the same as that illustrated in FIG. 1. Thus, any further illus-
trations with respect to the vertical transistor are omitted
herein for brevity. Further, a bit line is omitted in FIG. 15.
[0097] Referring to FIGS. 14 and 15, a semiconductor sub-
strate 10 may have an active region 105 and an isolation
region 10a. The semiconductor substrate 10 may include
single crystalline silicon. The isolation region 10a may be
defined by isolation layer patterns formed in an upper surface
of'the semiconductor substrate 10. The active region 105 may
have an isolated shape repeatedly arranged. A first impurity
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region 12 may be formed in the upper surface of the semicon-
ductor substrate 10 in the active region 104.

[0098] A pillar-shaped single crystalline epitaxial layer
pattern 32 may contact the active region 105. The single
crystalline epitaxial layer pattern 32 may be used as an active
body. The single crystalline epitaxial layer pattern 32 may
protrude vertically from the upper surface of the semiconduc-
tor substrate 10.

[0099] Thetwo single crystalline epitaxial layer patterns 32
may be spaced apart from each other in a single isolated active
region 105. The single crystalline epitaxial layer pattern 32
may have a channel portion having a first width and a contact
portion on the channel portion having a second width that
may be greater than the first width. The first width may be
about 5 nm to about 30 nm. Here, the single crystalline epi-
taxial layer pattern 32 may have a structure substantially the
same as that of the single crystalline epitaxial layer pattern of
FIGS.1to 3.

[0100] A gate insulating layer 38 may be formed on a
sidewall of the channel region of the epitaxial layer pattern 32
and the upper surface of the semiconductor substrate 10. The
gate insulating layer 38 may be formed by, e.g., a thermal
oxidation process. The gate insulating layer 38 may not be
formed on the contact portion.

[0101] A gate clectrode 40a may be formed on the gate
insulating layer 38. The gate electrode 40a may have a linear
shape surrounding the epitaxial layer pattern 32. Thus, the
gate electrode 40a may be used commonly with a word line.
That is, the gate electrode 40a may not have anisolated shape.
Thus, the linear gate electrode 40a may be used as the word
line without forming a separate word line in contact with the
gate electrode 40a.

[0102] The gate electrode 40a and the active region 105
may extend at an angle of no more than about 90° relative to
one another. That is, the gate electrode 40a may be arranged
inclined, not substantially perpendicular, relative to the active
region 104.

[0103] A second impurity region 42 may be formed in the
contact portion of the single crystalline epitaxial layer pattern
32. A first insulating interlayer 50 may cover the single crys-
talline epitaxial layer pattern 32. The first insulating inter-
layer 50 may include, e.g., silicon oxide.

[0104] A bit line contact 52 may be formed through the first
insulating interlayer 50. The bit line contact 52 may contact
the active region 105 between the single crystalline epitaxial
layer patterns 32. A bit line 54 may be formed on the bit line
contact 52 and the first insulating interlayer 50. The bit line 54
may be arranged substantially perpendicular to the gate elec-
trode 40a. Further, the bit line 54 may contactadjacent bit line
contacts 52.

[0105] A hard mask pattern 56 may be formed on the bit
line 54. A second insulating interlayer 58 may cover the bit
line 54.

[0106] A storage node contact 60 may be formed through
the second insulating interlayer 58 and the first insulating
interlayer 50. The storage node contact 60 may contact an
upper surface of the single crystalline epitaxial layer pattern
32.

[0107] A capacitor 62 may be formed on the storage node
contact 60. Thus, the capacitor 62 may be electrically con-
nected to the single crystalline epitaxial layer pattern 32.
[0108] According to the present embodiment, the DRAM
device may include the vertical transistor having the nano-
wire shaped channel region, so that the DRAM device may
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have a rapid operational speed. Further, the DRAM device
may occupy only a small area.

[0109] Method of Manufacturing a DRAM Device

[0110] FIGS. 16 to 20 illustrate cross-sectional views of
stages in a method of manufacturing the DRAM device of
FIG. 14.

[0111] Referring to FIG. 16, a shallow trench isolation
(STI) process may be performed on a semiconductor sub-
strate 10 to define an active region and an isolation region 105
(not illustrated) of the semiconductor substrate 10. The active
region may have an isolated shape. Further, the active region
may be regularly arranged.

[0112] Impurities may be implanted into the semiconduc-
tor substrate 10 to form a first impurity region 12. Addition-
ally, a channel doping process may be performed to control a
threshold voltage of a transistor. In an implementation, the
process for forming the first impurity region 12 may be per-
formed prior to forming the active region.

[0113] Processes substantially the same as those illustrated
with reference to FIGS. 4 to 10 may be performed to form a
single crystalline epitaxial layer pattern 32 on the active
region. The single crystalline epitaxial layer pattern 32 may
have a shape vertically extending from an upper surface of the
semiconductor substrate 10.

[0114] A sacrificial layer structure may be formed on the
semiconductor substrate 10. The sacrificial layer structure
may have openings exposing the first impurity region 12.
Here, the sacrificial layer structure may cover the entire upper
surface of the semiconductor substrate 10. Two epitaxial layer
patterns 32 may be located in the single active region. Thus,
the two openings may be located in the single active region.
[0115] An inner spacer 26 may be formed on side surfaces
of the openings. The openings may be filled with the single
crystalline epitaxial layer patterns 32. Each of the epitaxial
layer patterns 32 may have a channel portion having a first
width and a contact portion on the channel portion having a
second width that may be greater than the first width. Thus,
the two pillar-shaped single crystalline epitaxial layer pat-
terns 32 may be formed in the single isolated active region.
The single crystalline epitaxial layer pattern 32 may be used
as an active body.

[0116] The channel portion of the single crystalline epi-
taxial layer pattern 32 may have a width of about 5 nm to
about 30 nm. The sacrificial layer structure may then be
patterned to expose a silicon oxide layer 18 of the sacrificial
layer structure. Here, a pad oxide layer 14 and a silicon nitride
layer 16 of the sacrificial layer structure may not be etched.
Therefore, the pad oxide layer 14 and the silicon nitride layer
16 may remain on the active region and the isolation region
105 (not illustrated). The single crystalline epitaxial layer
pattern 32 may be formed by, e.g., a laser epitaxial growth
process.

[0117] Referring to FIG. 17, the inner spacer 26 and the
silicon oxide layer 18 on the sidewall of the single crystalline
epitaxial layer pattern 32 may be removed by, e.g., an isotro-
pic etching process. Here, because the isolation region 105
(not illustrated) may be covered with the silicon nitride layer
16, isolation layer patterns in the isolation region 105 may not
be removed.

[0118] Referring to FIG. 18, a gate structure may be formed
in a space generated by removing the inner spacer 26 and the
silicon oxide layer 18. A gate insulating layer 38 may be
formed on the sidewall of the single crystalline epitaxial layer
pattern 32. The gate insulating layer 38 may be formed by,
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e.g., athermal oxidation process. A gate electrode 40a may be
formed on the gate insulating layer 38. The gate electrode 40a
may have a linear shape surrounding the single crystalline
epitaxial layer pattern 32. Here, the gate insulating layer 38
and the gate electrode 40a may be formed by processes sub-
stantially the same as those illustrated with reference to FIGS.
12 and 13. Because the gate electrode 40a may have the linear
shape, the gate electrode 40a may be used commonly with a
word line.

[0119] The gate electrode 40a may be arranged at an angle
relative to an extending direction of the active region. That is,
the gate electrode 40qa and the active region may be arranged
at an angle relative to one another of no more than about 90°.
Therefore, cells of the DRAM device may be densely
arranged, so that the DRAM device may have ahigh degree of
integration.

[0120] Impurities may be implanted into the contact por-
tion of the single crystalline epitaxial layer pattern 32 to form
a second impurity region 42, thereby completing a vertical
transistor. The process for forming the second impurity
region 42 may be performed prior to forming the gate elec-
trode 40a. That is, the process for forming the second impu-
rity region 42 may be performed between the process for
forming the single crystalline epitaxial layer pattern 32 and a
process for forming the first insulating interlayer 50.

[0121] Referring to FIG. 19, the first insulating interlayer
50 may cover the vertical transistor. The first insulating inter-
layer 50 may be etched to form a contact hole exposing the
active region between the single crystalline epitaxial layer
patterns 32.

[0122] A first conductive layer (not shown) may be formed
on the first insulating interlayer 50 to fill up the contact hole.
The first conductive layer may be used as a bit line contact and
a bit line. The first conductive layer may include no less than
two layered structures. A hard mask pattern 56 may be formed
on the first conductive layer. The hard mask pattern 56 may
have a linear shape extending in a direction substantially
perpendicular to the extending direction of the gate electrode
40a. The first conductive layer may be etched using the hard
mask pattern 56 as an etch mask to form a bit line contact 52
and a bit line 54. Thus, the bit line contact 52 and the bit line
54 may be formed one body. Alternatively, after forming the
bit line contact 52, the bit line 54 may be separately formed.

[0123] Referring to FIG. 20, a second insulating interlayer
58 may cover the bit line 54. The second insulating interlayer
58, the first insulating interlayer 50, and the second protecting
layer 34 may be etched to form contact holes exposing the
upper surface of the single crystalline epitaxial layer pattern
32. The contact holes may be filled with a conductive material
to form storage node contacts 60.

[0124] The storage node contact 60 may not extend to the
upper surface of the semiconductor substrate 10 in the active
region. The storage node contact 60 may contact the upper
surface of the single crystalline epitaxial layer pattern 32.
Therefore, it may not be required to provide a region of the
active region where the storage node contact 60 may be
formed. As a result, the active region may occupy only a small
area of the semiconductor substrate 10.

[0125] Further, the storage node contact 60 may have a
relatively low height. The upper surface of the single crystal-
line epitaxial layer pattern 32, on which the storage node
contact 60 may be formed, may have a large upper surface.
Thus, the storage node contact 60 may be easily formed.
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[0126] A capacitor 62 may be formed on the storage node
contact 60. The capacitor 62 may have, e.g., a cylindrical
shape, a stack shape, etc.

[0127] According to this embodiment, the DRAM device
may include the vertical transistor having a narrow pillar
width. Thus, the vertical transistor may have a rapid opera-
tional speed and occupy a small area. As a result, the DRAM
device may have a high degree of integration and improved
operational characteristics.

[0128] Memory System

[0129] FIG. 21 illustrates a block diagram of a memory
system in accordance with an embodiment.

[0130] Referring to FIG. 21, a memory system of an
embodiment may include a memory controller 520 and a
memory 510. The memory 510 may include the vertical tran-
sistor of an embodiment. That is, the memory 510 may be
used as the DRAM device of an embodiment. The memory
controller 520 may input a signal into the memory 510 to
control operations of the memory 510. The signal may
include, e.g., a command signal, an address signal, an input/
output signal, etc. The memory controller 520 may control
data in the DRAM device in accordance with the signal.
[0131] Host System

[0132] FIG. 22 illustrates a block diagram of a host system
in accordance with an embodiment.

[0133] Referring to FIG. 22, a host system 700 of an
embodiment may be connected to a memory 510. The
memory 510 may include the vertical transistor of an embodi-
ment. The host system 700 may include an electronic device,
e.g., a personal computer, a camera, a mobile device, a game
device, a communication device, etc. The host system 700
may apply a signal, which may be used for control and operate
the memory 510, to the memory 510.

[0134] Portable Device

[0135] FIG. 23 illustrates a block diagram of a portable
device in accordance with an embodiment.

[0136] Referring to FIG. 23, a portable device 600 of an
embodiment may include, e.g., an MP3 player, a video player,
etc. The portable device 600 may include a memory 510 and
a memory controller 520. The memory 510 may include a
recessed channel array transistor of an embodiment. The tran-
sistor may be formed in a peripheral region of the memory
510. The portable device 600 may also include, e.g., an
encorder/decorder 610, a display 620, and an interface 670.
Data may be inputted/outputted into/from the memory 510
through the memory controller 520 by the encorder/decorder
620.

[0137] Computer System

[0138] FIG. 24 illustrates a block diagram of a computer
system in accordance with an embodiment.

[0139] Referring to FIG. 24, the memory 510 may be con-
nected with a central processing unit (CPU) 510 of a com-
puter system 800. The computer system 800 may include,
e.g.,apersonal computer, a personal data assistant device, etc.
The memory 510 may be connected to the CPU 810 directly
or indirectly via a bus. The memory 510 may include the
recessed channel array transistor of an embodiment. The tran-
sistor may be formed in a peripheral region of the memory
510. Although not depicted in drawings, other elements may
be included in the computer system 800.

[0140] General Commentary

[0141] Vertical transistors of an embodiment may be used
in various semiconductor devices that include transistors.
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Particularly, vertical transistors of an embodiment may be
used in a DRAM device and electronic devices including
DRAM devices.

[0142] According to some embodiments, the vertical semi-
conductor device may have a nano-wire shaped channel
region. Thus, a desirable volume inversion may be generated
during operation of the vertical semiconductor device, so that
the channel region may have a high conductivity. Further, the
semiconductor device having the nano-wire shaped channel
region may be formed by simple processes, so that a cost for
manufacturing the semiconductor device may be reduced.
[0143] Exemplary embodiments have been disclosed
herein, and although specific terms are employed, they are
used and are to be interpreted in a generic and descriptive
sense only and not for purpose of limitation. Accordingly, it
will be understood by those of ordinary skill in the art that
various changes in form and details may be made without
departing from the spirit and scope of the present invention as
set forth in the following claims.

1. A vertical semiconductor device, comprising:

single crystalline active bodies vertically disposed on an
upper surface of a single crystalline substrate, each of
the single crystalline active bodies having a first active
portion on the substrate and a second active portion on
the first active portion, and the first active portion having
a first width smaller than a second width of the second
active portion;

a gate insulating layer on a sidewall of the first active
portion and the upper surface of the substrate;

a gate electrode on the gate insulating layer, the gate elec-
trode having a linear shape surrounding the active bod-
ies;

a first impurity region in the upper surface of the substrate
under the active bodies; and

a second impurity region in the second active portion.
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2. The vertical semiconductor device as claimed in claim 1,
wherein the active bodies are formed by a laser epitaxial
process.

3. The vertical semiconductor device as claimed in claim 1,
wherein the first width is about 5 nm to about 30 nm.

4-14. (canceled)

15. A DRAM device, comprising:

single crystalline active bodies vertically disposed on an
upper surface of a single crystalline substrate, each of
the single crystalline active bodies having a first active
portion on the substrate and a second active portion on
the first active portion, and the first active portion having
a first width smaller than a second width of the second
active portion;

a gate insulating layer on a sidewall of the first active
portion and the upper surface of the substrate;

a gate electrode on the gate insulating layer, the gate elec-
trode having a linear shape surrounding the active bod-
ies, and the gate electrode being usable with a word line;

a first impurity region in the upper surface of the substrate
under the active bodies;

a second impurity region in the second active portion;

a bit line structure electrically connected to the first impu-
rity region; and

a capacitor electrically connected to the second impurity
region.

16. The DRAM device as claimed in claim 15, wherein the

first width is about 5 nm to about 30 nm.

17. The DRAM device as claimed in claim 15, wherein the
substrate has an isolation region and an active region, and the
active region has an extending direction at an angle of no
more than about 90° with respect to the gate electrode.

18. The DRAM device as claimed in claim 15, further
comprising a protecting layer covering an upper surface and
an upper sidewall of the active bodies.

19-20. (canceled)



