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1. 

THREE-DIMIENSIONAL SEMCONDUCTOR 
MEMORY DEVICES INCLUDING A 

VERTICAL CHANNEL 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This U.S. non-provisional patent application claims pri 
ority under 35 U.S.C. S 119 to Korean Patent Application No. 
10-2014-0047447, filed on Apr. 21, 2014, in the Korean 
Intellectual Property Office, the disclosure of which is 
hereby incorporated by reference in its entirety. 

BACKGROUND 

The inventive concept generally relates to the field of 
electronics and, more particularly, to semiconductor 
memory devices. 
A three-dimensional integrated circuit (3D-IC) memory 

technique has been developed to increase memory capacity 
of a semiconductor memory device. The 3D-IC memory 
technique includes a variety of methods for arranging 
memory cells three-dimensionally. As well as the 3D-IC 
memory technique, a patterning technique for fine patterns 
and a multi-level cell (MLC) technique may be used to 
increase the memory capacity of the semiconductor memory 
device. However, the patterning technique for the fine pat 
terns may be very expensive, and the MLC technique may 
not be suitable to increase the number of bits per a unit cell. 
Thus, the 3D-IC memory technique may be important to 
increase the memory capacity. In addition, if the patterning 
technique for the fine patterns and the MLC technique are 
combined with the 3D-IC memory technique, the memory 
capacity may more increase. Thus, the patterning technique 
for the fine patterns and the MLC technique may be devel 
oped independently of the 3D-IC memory technique. 

SUMMARY 

Some embodiments of the inventive concept may provide 
semiconductor memory devices capable of improve a cell 
Current. 

A semiconductor memory device may include an active 
pillar protruding from a Substrate, a gate electrode adjacent 
to a sidewall of the active pillar, and a gate dielectric layer 
disposed between the active pillar and the gate electrode. 
The active pillar may include a first portion being in contact 
with the gate dielectric layer, and a second portion spaced 
apart from the gate dielectric layer. The first portion may 
include a semiconductor material of which charge mobility 
is greater than that of silicon. 

In some embodiments, a silicon content of the second 
portion may be higher than that of the first portion. 

In some embodiments, the first portion of the active pillar 
may include a first semiconductor layer, and the second 
portion of the active pillar may include a second semicon 
ductor layer. The first semiconductor layer may include at 
least one of germanium (Ge), silicon-germanium (SiGe), 
gallium-arsenic (GaAs), indium-gallium-arsenic (InGaAs), 
and/or aluminum-gallium-arsenic (AlGaAs), and a silicon 
content of the second semiconductor layer may be higher 
than that of the first semiconductor layer. 

In some embodiments, the active pillar may further 
include a third semiconductor layer covering a sidewall of 
the second semiconductor layer. The third semiconductor 
layer may include a silicon layer. 
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2 
In some embodiments, the active pillar may include a 

single-layered silicon-germanium layer, and a germanium 
content of the first portion may be higher than that of the 
second portion. 

In some embodiments, the semiconductor memory device 
may further include intergate insulating layers adjacent to 
the sidewall of the active pillar and disposed on and under 
the gate electrode. The gate dielectric layer may include a 
tunnel dielectric layer, a charge storage layer, and a blocking 
dielectric layer which are sequentially stacked on the side 
wall of the active pillar, and the tunnel dielectric layer may 
be formed of a thermal oxide layer and may cover only a 
portion of the sidewall of the active pillar. The charge 
storage layer and the blocking dielectric layer may be 
disposed between the gate electrode and the active pillar and 
between the gate electrode and the intergate insulating 
layers. 

In some embodiments, the gate dielectric layer may 
include a tunnel dielectric layer, a charge storage layer, and 
a blocking dielectric layer which are sequentially stacked on 
the sidewall of the active pillar. 

In some embodiments, the first portion may have a 
thickness of about 50 A or more. 

In some embodiments, the active pillar may have an 
amorphous structure, a single-crystalline structure, or a 
poly-crystalline structure. 

In some embodiments, the semiconductor memory device 
may further include intergate insulating layers adjacent to 
the sidewall of the active pillar and disposed on and under 
the gate electrode. The gate dielectric layer may extend to be 
disposed between the active pillar and the intergate insulat 
ing layers. 

In some embodiments, the first portion of the active pillar 
may include an L-shaped semiconductor layer. 
A semiconductor memory device may include intergate 

insulating layers and gate electrodes alternately stacked on 
a Substrate, an active pillar penetrating the intergate insu 
lating layers and the gate electrodes so as to be connected to 
the Substrate, and a first gate dielectric layer covering a 
sidewall of the active pillar. The active pillar may include a 
first portion being in contact with the first gate dielectric 
layer, and a second portion spaced apart from the first gate 
dielectric layer. The first portion may include a semicon 
ductor material of which charge mobility is greater than that 
of silicon, and the second portion may include a semicon 
ductor material having a high silicon content and may be 
connected to the Substrate. 

In some embodiments, the first gate dielectric layer may 
include a tunnel dielectric layer, a charge storage layer, and 
a blocking dielectric layer which are sequentially stacked on 
a sidewall of the first portion of the active pillar. 

In some embodiments, the first portion of the active pillar 
may include a first semiconductor layer, and the second 
portion of the active pillar may include a second semicon 
ductor layer. The first semiconductor layer may include the 
semiconductor material of which the charge mobility is 
greater than that of silicon. A bottom surface of the first 
semiconductor layer may be spaced apart from the Substrate. 
The second semiconductor layer may include a silicon layer 
and may be connected to the Substrate. 

In some embodiments, the semiconductor memory device 
may further include a second gate dielectric layer disposed 
between the gate electrodes and the intergate insulating 
layers and between the first gate dielectric layer and the gate 
electrodes. A dielectric constant of the second gate dielectric 
layer may be higher than that of a silicon oxide layer. 
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In some embodiments, the first semiconductor layer may 
include at least one of germanium (Ge), silicon-germanium 
(SiGe), gallium-arsenic (GaAs), indium-gallium-arsenic 
(InGaAs), and/or aluminum-gallium-arsenic (AlGaAs). 

In some embodiments, the first semiconductor layer of the 
active pillar may have a poly-crystalline structure. 
A semiconductor memory device may include an active 

pillar protruding from a Substrate, gate electrodes Surround 
ing the active pillar and sequentially stacked on the Sub 
strate, and a gate dielectric layer disposed between the active 
pillar and the gate electrodes. The active pillar may include 
a first portion being in contact with the gate dielectric layer, 
and a second portion spaced apart from the gate dielectric 
layer. The first portion may include a first semiconductor 
layer of which charge mobility is greater that of silicon. The 
first semiconductor layer may have a L-shape. The second 
portion may include a second semiconductor layer having a 
silicon. 

In some embodiments, the first semiconductor layer may 
include at least one of germanium (Ge), silicon-germanium 
(SiGe), gallium-arsenic (GaAs), indium-gallium-arsenic 
(InGaAs), and/or aluminum-gallium-arsenic (AlGaAs), and 
the second semiconductor layer may include a silicon layer. 

In some embodiments, the first portion of the active pillar 
may include a first silicon-germanium (SiGe) layer, and the 
second portion of the active pillar may include a second 
silicon-germanium (SiGe) layer. A silicon content of the first 
silicon-germanium (SiGe) layer may be lower than a silicon 
content of the second silicon-germanium (SiGe) layer. 

In yet another aspect, a method of fabricating a semicon 
ductor memory device may include alternately and repeat 
edly stacking intergate insulating layers and sacrificial layers 
on a Substrate, patterning the intergate insulating layers and 
the sacrificial layers to form an active hole exposing the 
Substrate, forming an active pillar in the active hole, the 
active pillar connected to the Substrate, removing the sac 
rificial layers to form empty regions exposing a sidewall of 
the active pillar, forming a first gate dielectric layer on the 
exposed sidewall of the active pillar, and forming gate 
electrodes in the empty regions. The active pillar may 
include a first portion being in contact with the first gate 
dielectric layer; and a second portion spaced apart from the 
gate dielectric layer. The first portion may include a semi 
conductor material of which charge mobility is greater than 
that of silicon. 

In some embodiments, the active pillar may be formed of 
a silicon-germanium layer. In this case, forming the first gate 
insulating layer may include oxidizing the exposed sidewall 
of the active pillar and causing a gradient of a germanium 
content according to a position in the active pillar at the 
same time. 

In some embodiments, forming the active pillar may 
include sequentially forming a first semiconductor layer and 
a second semiconductor layer on a sidewall and a bottom 
surface of the active hole. 

In some embodiments, the method may further include 
forming a second gate dielectric layer covering the sidewall 
and the bottom surface of the active hole before forming the 
first semiconductor layer. In this case, forming the active 
pillar may include anisotropically etching the second semi 
conductor layer, the first semiconductor layer, and the sec 
ond gate dielectric layer to leave portions of the second and 
first semiconductor layers and the second gate dielectric 
layer on the sidewall of the active hole and to expose the 
substrate of the bottom surface of the active hole, and 
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4 
forming a third semiconductor layer covering a sidewall of 
the second semiconductor layer and the bottom surface of 
the active hole. 

In some embodiments, the first semiconductor layer may 
include a material of which the charge mobility is greater 
than that of silicon, and the second semiconductor layer may 
include a silicon layer. 

In Some embodiments, forming the active pillar may 
further include performing a solid phase crystallization 
process to have a poly-crystalline structure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a circuit diagram of a semiconductor memory 
device according to example embodiments of the inventive 
concept. 

FIG. 2 is a plan view illustrating a semiconductor memory 
device according to example embodiments of the inventive 
concept. 

FIG. 3 is a cross-sectional view taken along the line A-A 
of FIG. 2 to illustrate a semiconductor memory device 
according to some embodiments of the inventive concept. 

FIGS. 4 to 9 are cross-sectional views illustrating a 
method of fabricating the semiconductor memory device of 
FIG. 3. 

FIG. 10 is a cross-sectional view taken along a line A-A 
of FIG. 2 to illustrate a semiconductor memory device 
according to some embodiments of the inventive concept. 

FIG. 11 is a cross-sectional view illustrating a method of 
fabricating the semiconductor memory device of FIG. 10. 

FIG. 12 is a cross-sectional view taken along a line A-A 
of FIG. 2 to illustrate a semiconductor memory device 
according to some embodiments of the inventive concept. 

FIG. 13 is an enlarged view of the portion B1 of FIG. 12 
according to some embodiments of the inventive concept. 

FIG. 14 is a graph illustrating a germanium content 
according to a position in an active pillar of FIG. 13. 

FIG. 15 is a cross-sectional view illustrating a method of 
fabricating the semiconductor memory device of FIG. 12. 

FIG. 16 is a schematic block diagram illustrating an 
electronic system including a semiconductor device accord 
ing to Some embodiments of the inventive concept. 

FIG. 17 is a schematic block diagram illustrating a data 
storage device including a semiconductor memory device 
according to some embodiments of the inventive concept. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

The inventive concept will now be described more fully 
hereinafter with reference to the accompanying drawings, in 
which some embodiments of the inventive concept are 
shown. The advantages and features of the inventive concept 
and methods of achieving them will be apparent from the 
following embodiments that will be described in more detail 
with reference to the accompanying drawings. It should be 
noted, however, that the inventive concept is not limited to 
the following embodiments, and may be implemented in 
various forms. Accordingly, the embodiments are provided 
only to disclose the inventive concept and let those skilled 
in the art know the category of the inventive concept. In the 
drawings, embodiments of the inventive concept are not 
limited to the specific examples provided herein and are 
exaggerated for clarity. 
The terminology used herein is for the purpose of describ 

ing particular embodiments only and is not intended to limit 
the invention. As used herein, the singular terms “a,” “an 
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and “the are intended to include the plural forms as well, 
unless the context clearly indicates otherwise. As used 
herein, the term “and/or” includes any and all combinations 
of one or more of the associated listed items. It will be 
understood that when an element is referred to as being 
“connected” or “coupled to another element, it may be 
directly connected or coupled to the other element or inter 
vening elements may be present. 

Similarly, it will be understood that when an element such 
as a layer, region or Substrate is referred to as being “on” 
another element, it can be directly on the other element or 
intervening elements may be present. In contrast, the term 
“directly’ means that there are no intervening elements. It 
will be further understood that the terms “comprises”, “com 
prising.”, “includes and/or “including, when used herein, 
specify the presence of stated features, integers, steps, 
operations, elements, and/or components, but do not pre 
clude the presence or addition of one or more other features, 
integers, steps, operations, elements, components, and/or 
groups thereof. 

Additionally, the embodiment in the detailed description 
will be described with sectional views as ideal views of the 
inventive concept. Accordingly, shapes of the views may be 
modified according to manufacturing techniques and/or 
allowable errors. Therefore, the embodiments of the inven 
tive concept are not limited to the specific shape illustrated 
in the views, but may include other shapes that may be 
created according to manufacturing processes. Areas exem 
plified in the drawings have general properties, and are used 
to illustrate specific shapes of elements. Thus, this should 
not be construed as limited to the scope of the inventive 
concept. 

It will be also understood that although the terms first, 
second, third etc. may be used herein to describe various 
elements, these elements should not be limited by these 
terms. These terms are only used to distinguish one element 
from another element. Thus, a first element in some embodi 
ments could be termed a second element in other embodi 
ments without departing from the teachings of the present 
invention. Some embodiments of aspects of the present 
inventive concept explained and illustrated herein include 
their complementary counterparts. The same reference 
numerals or the same reference designators denote the same 
elements throughout the specification. 

Moreover, some embodiments are described herein with 
reference to cross-sectional illustrations and/or plan illus 
trations that are idealized illustrations. Accordingly, varia 
tions from the shapes of the illustrations as a result, for 
example, of manufacturing techniques and/or tolerances, are 
to be expected. Thus, embodiments should not be construed 
as limited to the shapes of regions illustrated herein but are 
to include deviations in shapes that result, for example, from 
manufacturing. For example, an etching region illustrated as 
a rectangle will, typically, have rounded or curved features. 
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 example embodiments. 
As appreciated by the present inventive entity, devices 

and methods of forming devices according to various 
embodiments described herein may be embodied in micro 
electronic devices such as integrated circuits, wherein a 
plurality of devices according to various embodiments 
described herein are integrated in the same microelectronic 
device. Accordingly, the cross-sectional view(s) illustrated 
herein may be replicated in two different directions, which 
need not be orthogonal, in the microelectronic device. Thus, 
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6 
a plan view of the microelectronic device that embodies 
devices according to various embodiments described herein 
may include a plurality of the devices in an array and/or in 
a two-dimensional pattern that is based on the functionality 
of the microelectronic device. 
The devices according to various embodiments described 

herein may be interspersed among other devices depending 
on the functionality of the microelectronic device. More 
over, microelectronic devices according to various embodi 
ments described herein may be replicated in a third direction 
that may be orthogonal to the two different directions, to 
provide three-dimensional integrated circuits. 

Accordingly, the cross-sectional view(s) illustrated herein 
provide Support for a plurality of devices according to 
various embodiments described herein that extend along two 
different directions in a plan view and/or in three different 
directions in a perspective view. For example, when a single 
active region is illustrated in a cross-sectional view of a 
device/structure, the device/structure may include a plurality 
of active regions and transistor structures (or memory cell 
structures, gate structures, etc., as appropriate to the case) 
thereon, as would be illustrated by a plan view of the 
device? structure. 

Hereinafter, some embodiments of the inventive concept 
will be described in detail. A memory device according to 
Some embodiments of the inventive concept is a non-volatile 
memory device and has a structure of a three-dimensional 
(3D) semiconductor memory device. 

FIG. 1 is a circuit diagram of a semiconductor memory 
device according to example embodiments of the inventive 
concept. FIG. 2 is a plan view illustrating a semiconductor 
memory device according to example embodiments of the 
inventive concept. FIG. 3 is a cross-sectional view taken 
along the line A-A of FIG. 2 to illustrate a semiconductor 
memory device according to Some embodiments of the 
inventive concept. 

Referring to FIGS. 1 to 3, a vertical type semiconductor 
memory device according to Some embodiments of the 
inventive concept may include a common source line CSL, 
a plurality of bit lines BL0, BL1, and BL2, and a plurality 
of cell strings CSTR disposed between the common source 
line CSL and the bit lines BL0, BL1, and BL2. 
The common source line CSL may be a dopant injection 

region that is formed in a substrate 1. The substrate 1 may 
be a semiconductor Substrate or may include the semicon 
ductor Substrate and an epitaxial semiconductor layer 
formed on the semiconductor substrate. The bit lines BL0, 
BL1, and BL2 may be conductive lines that are spaced apart 
from the substrate 1 and are disposed over the substrate 1. 
The bit lines BL0, BL1, and BL2 may be two-dimensionally 
arranged, and a plurality of cell strings CSTR may be 
connected in parallel to each of the bit lines BL0, BL1, and 
BL2. The cell strings CSTR may be two-dimensionally 
arranged on the Substrate 1. 

Each of the cell strings CSTR may include a lower 
selection transistor LST connected to the common source 
line CSL, an upper selection transistor UST connected to the 
bit line BL, and a plurality of memory cell transistors MCT 
disposed between the lower and upper selection transistors 
LST and UST. The lower selection transistor LST, the 
memory cell transistors MCT, and the upper selection tran 
sistor UST may be connected in series to each other in a 
direction vertical (e.g., perpendicular) to a top surface of the 
substrate 1. A lower selection line LSL, a plurality of word 
lines WL0 to WL3, and an upper selection line USL, which 
are disposed between the common source line CSL and the 
bit lines BL0, BL1, and BL2, may be used as gate electrodes 
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of the lower selection transistor LST, the memory cell 
transistors MCT, and the upper selection transistor UST, 
respectively. The common source line CSL, the lower selec 
tion line LSL, the word lines WL0 to WL3, and the upper 
selection line USL may extend in a first direction X. The bit 5 
lines BL0, BL1, and BL2 may extend in a second direction 
Y intersecting the first direction X. A third direction Z may 
be substantially perpendicular to the first direction X and the 
second direction Y. 

Distances of the gate electrodes of the lower selection 10 
transistors LST from the substrate 1 may be substantially 
equal to each other. Gate electrodes of the lower selection 
transistors LST may be at an equipotential state because they 
are connected in common to the lower selection line LSL. 
Likewise, gate electrodes of the memory cell transistors 15 
MCT disposed at a substantially same distance from the 
common Source line CSL may be connected in common to 
one of the word lines WL0 to WL3, so they may be at an 
equipotential state. Since one cell string CSTR includes the 
plurality of memory cell transistors MCT respectively dis- 20 
posed at different distances from the common Source line 
CSL, the plurality of word lines WLO to WL3 may be 
sequentially stacked between the common Source line CSL 
and the bit lines BL0, BL1, and BL2. 

Each of the cell strings CSTR may include an active pillar 25 
AP that vertically extends from the substrate 1. The active 
pillar AP may be connected to the bit line BL. The active 
pillar AP may be formed to penetrate the upper selection line 
USL, the word lines WLO to WL3, and the lower selection 
line LSL. 30 
A first gate dielectric layer 11 may be disposed between 

the active pillar AP and the lines USL, WLO to WL3, and 
LSL. According to Some embodiments, the first gate dielec 
tric layer 11 may include a tunnel dielectric layer, a charge 
storage layer, and a blocking dielectric layer. In some 35 
embodiments, the charge storage layer may not exist 
between the lower selection line LSL and the active pillar 
AP and/or between the upper selection line USL and the 
active pillar AP. A second gate dielectric layer 22 may be 
disposed between the first gate dielectric layer 11 and the 40 
lines USL, WL0 to WL3, and LSL. The second gate dielec 
tric layer 22 may include a blocking dielectric layer. The 
second gate dielectric layer 22 may include a high-k dielec 
tric layer of which a dielectric constant is higher than that of 
a silicon oxide layer. A drain region D may be disposed in 45 
a top end portion of the active pillar AP. 
The lower and upper selection transistors LST and UST 

and the memory cell transistors MCT may be metal-oxide 
semiconductor (MOS) field effect transistors using the active 
pillar AP as channel regions. The active pillar AP may have 50 
a cup shape. A first filling insulation pattern 17 may be 
disposed in the active pillar AP. In some embodiments, the 
upper selection line USL may include two upper selection 
lines USL that are sequentially stacked, and the lower 
selection line LSL may include two lower selection lines 55 
LSL that are sequentially stacked. 
A buffer oxide layer 3 may be disposed on the substrate 

1. Intergate insulating layers 7 may be disposed on a top one 
of the upper selection lines USL, between the upper selec 
tion lines USL, between a bottom one of the upper selection 60 
lines USL and the word line WL3, between the word lines 
WL0 to WL3, between the word line WL0 and a top one of 
the lower selection lines LSL, and between the lower 
selection lines LSL. The lower selection lines LSL, the word 
lines WL0 to WL3, and the upper selection lines USL which 65 
are sequentially stacked may constitute a stack structure. A 
second filling insulation pattern 20 may be disposed between 

8 
the stack structures that are laterally adjacent to each other. 
The common source line CSL may be disposed in the 
substrate 1 under the second filling insulation pattern 20. 
The second filling insulation pattern 20 may be disposed in 
a groove 19. 
A plurality of upper selection lines USL disposed at the 

same level may be disposed over the word line WL3 in one 
stack structure. A separation insulating layer GSP may be 
disposed between the upper selection lines USL. The cell 
strings coupled to the active pillars AP sharing the bit line 
BL may be separated from each other by the separation 
insulating layer GSP. 
The active pillar AP may include a first portion being in 

contact with the first gate dielectric layer 11 and a second 
portion spaced apart from the first gate dielectric layer 11, 
and the first portion of the active pillar AP may include a 
semiconductor material of which a charge mobility is greater 
than a charge mobility of silicon. In some embodiments, the 
active pillar AP may include a first semiconductor layer 13, 
a second semiconductor layer 14, and a third semiconductor 
layer 15. The first semiconductor layer 13 may be an 
L-shaped spacer. The second semiconductor layer 14 may 
be an T-shaped spacer. The first and second semiconductor 
layers 13 and 14 may be spaced apart from the substrate 1 
by the first gate dielectric layer 11. The first semiconductor 
layer 13 may correspond to the first portion of the active 
pillar AP, and the second semiconductor layer 14 may 
correspond to the second portion of the active pillar AP. In 
other words, the mobility of carries flowing through the first 
semiconductor layer 13 may be greater that of carriers 
flowing through silicon. For example, the first semiconduc 
tor layer 13 may be formed of at least one of germanium 
(Ge), silicon-germanium (SiGe), gallium-arsenic (GaAs), 
indium-gallium-arsenic (InGaAs), and/or aluminum-gal 
lium-arsenic (AlGaAs). In some embodiments, a germanium 
content may be higher than a silicon content in the silicon 
germanium (SiGe) of the first semiconductor layer 13. The 
first semiconductor layer 13 may have a thickness or a width 
of about 50 A or greater. 
The second semiconductor layer 14 may be formed of a 

semiconductor layer of which a silicon content is higher than 
that of the first portion (e.g., the first semiconductor layer 
13) of the active pillar AP For example, the second semi 
conductor layer 14 may be formed of a silicon layer. 
However, the inventive concept is not limited thereto. In 
Some embodiments, the second semiconductor layer 14 may 
be formed of a silicon-germanium (SiGe) layer having a 
high silicon content or a silicon carbide layer (SiC). The 
third semiconductor layer 15 may be in contact with the 
substrate 1. The third semiconductor layer 15 may be a 
silicon layer, a silicon-germanium (SiGe) layer having a 
high silicon content, or a silicon carbide layer. In some 
embodiments, the first semiconductor layer 13 may include 
a first silicon-germanium (SiGe) layer having a high ger 
manium (Ge) content, the second semiconductor layer 14 
may include a second silicon-germanium (SiGe) layer hav 
ing a low germanium (Ge) content, and the third semicon 
ductor layer 15 may include a silicon layer. In other words, 
the germanium content of the first silicon-germanium (SiGe) 
layer may be higher than the germanium content of the 
second silicon-germanium (SiGe) layer. For example, the 
first semiconductor layer 13 may include a first silicon 
germanium (SiGe) layer having a germanium content of 
about 50% or greater, and the second semiconductor layer 14 
may include a second silicon-germanium (SiGe) layer hav 
ing a germanium content lower than 50%. In other words, 
the first semiconductor layer 13 may include a first silicon 
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germanium (SiGe) layer having a silicon content lower than 
50%, and the second semiconductor layer 14 may include a 
second silicon-germanium (SiGe) layer having a silicon 
content of 50% or greater. 
The active pillar AP may have an amorphous structure, a 5 

poly-crystalline structure, or a single-crystalline structure. In 
other words, the first to third semiconductor layers 13, 14, 
and 15 may be in the amorphous state, the poly-crystalline 
state, or the single-crystalline state. The first to third semi 
conductor layers 13, 14, and 15 may not be doped with 
dopants. In some embodiments, the first to third semicon 
ductor layers 13, 14, and 15 may be doped with dopants of 
which a conductivity type is opposite to that of dopants 
doped in the common source line CSL. In some embodi 
ments, the second semiconductor layer 14 may be omitted, 
and the third semiconductor layer 15 may be in direct 
contact with the first semiconductor layer 13. 
When the semiconductor memory device according to 

Some embodiments is driven, Voltages may be applied to the 20 
gate electrodes to generate channels in the channel regions 
defined in a portion (i.e., the first semiconductor layer 13) of 
the active pillar AP adjacent to the first gate dielectric layer 
11. 
The charge mobility according to a material is represented 25 

in the following table 1. 

10 

15 

TABLE 1. 

Gallium- 30 
Silicon (Si) Germanium (Ge) arsenic (GaAs) 

Electron mobility 1SOO 3900 8500 
(cm/V-sec) 
Hole mobility 450 1900 400 
(cm/V-sec) 35 

Referring to the Table 1, the electron mobility of the 
germanium and the electron mobility of the gallium-arsenic 
are greater than that of the silicon. Since the portion used as 
the channel region is formed of the semiconductor layer 0 
having the excellent charge mobility, a cell current of the 
semiconductor memory device may increase. 

Source/drain regions corresponding to an inversion layer 
may be generated in the first semiconductor layer 13 by a 
fringe field caused by the Voltages applied to the gate 
electrodes. The channel region is defined between the 
Source/drain regions. At this time, a thickness of the inver 
sion layer may vary with the Voltages applied to the gate 
electrodes. However, the thickness of the inversion layer 
may be about 50 A or greater. Since the thickness of the first 
semiconductor layer 13 may be equal to or greater than the 
thickness of inversion layer, the charge mobility of an entire 
portion of the channel region may be improved. In other 
words, the thickness of the first semiconductor layer 13 may 55 
be about 50 A or greater. 
Now will be described a method of fabricating the semi 

conductor memory device. 
FIGS. 4 to 9 are cross-sectional views illustrating a 

method of fabricating the semiconductor memory device of 60 
FIG. 3. 

Referring to FIG. 4, a buffer oxide layer 3 may be formed 
on a Substrate 1. Sacrificial layers 5 and intergate insulating 
layers 7 may be alternately stacked on the buffer oxide layer. 
The sacrificial layers 5 are formed of a material having an 65 
etch selectivity with respect to the intergate insulating layers 
7. For example, the intergate insulating layer 7 may be 

45 

50 

10 
formed of a silicon oxide layer. The sacrificial layer 5 may 
be formed of a silicon nitride layer, a poly-silicon layer, or 
a silicon-germanium layer. 

Referring to FIG. 5, the intergate insulating layers 7, the 
sacrificial layers 5, and the buffer oxide layer 3 may be 
successively patterned to form active holes 9 exposing the 
substrate 1. 

Referring to FIG. 6, a first gate dielectric layer 11, a first 
semiconductor layer 13, and a second semiconductor layer 
14 may be conformally formed on the substrate 1 having the 
active holes 9 in the order named. The first gate dielectric 
layer 11, the first semiconductor layer 13, and the second 
semiconductor layer 14 may be sequentially staked on a 
sidewall of the active hole 9. Subsequently, the second 
semiconductor layer 14, the first semiconductor layer 13, 
and the first gate dielectric layer 11 may be anisotropically 
etched until the substrate 1 is exposed. Thus, the first gate 
dielectric layer 11, the first semiconductor layer 13, and the 
second semiconductor layer 14 may be formed to have 
spacer shapes. In some embodiments, the first gate dielectric 
layer 11 may be formed of a triple layer including a silicon 
oxide layer, a silicon nitride layer, and a silicon oxide layer. 
The first semiconductor layer 13 may be formed of a 
material of which charge mobility is greater than that of 
silicon. For example, the first semiconductor layer 13 may 
be formed of at least one of germanium (Ge), silicon 
germanium (SiGe), gallium-arsenic (GaAs), indium-gal 
lium-arsenic (InGaAs), and/or aluminum-gallium-arsenic 
(AlGaAs). In some embodiments, the germanium content 
may be higher than the silicon content in the silicon 
germanium (SiGe) of the first semiconductor layer 13. The 
second semiconductor layer 14 may be formed of a semi 
conductor layer of which a silicon content is higher than that 
of the first semiconductor layer 13. For example, the second 
semiconductor layer 14 may be formed of a silicon layer. 
However, the inventive concept is not limited thereto. In 
Some embodiments, the second semiconductor layer 14 may 
be formed of a silicon-germanium (SiGe) layer having a 
silicon content higher than a germanium content, or a silicon 
carbide layer (SiC). In some embodiments, the first semi 
conductor layer 13 may include a first silicon-germanium 
(SiGe) layer having a high germanium (Ge) content, and the 
second semiconductor layer 14 may include a second sili 
con-germanium (SiGe) layer having a low germanium (Ge) 
content. In other words, the germanium content of the first 
silicon-germanium (SiGe) layer may be higher than the 
germanium content of the second silicon-germanium (SiGe) 
layer. For example, the first semiconductor layer 13 may 
include a first silicon-germanium (SiGe) layer having a 
germanium content of 50% or greater, and the second 
semiconductor layer 14 may include a second silicon-ger 
manium (SiGe) layer having a germanium content lower 
than 50%. In other words, the first semiconductor layer 13 
may include a first silicon-germanium (SiGe) layer having a 
silicon content lower than 50%, and the second semicon 
ductor layer 14 may include a second silicon-germanium 
(SiGe) layer having a silicon content of about 50% or 
greater. 

While the first and second semiconductor layers 13 and 14 
are formed, the first and second semiconductor layers 13 and 
14 may be formed to have a poly-crystalline structure by a 
Solid phase crystallization method. 

Referring to FIG. 7, a third semiconductor layer 15 may 
be conformally formed on the substrate 1, and then, a first 
filling layer 17 may be formed to fill each of the active holes 
9. The third semiconductor layer 15 may be a silicon layer. 
However, the inventive concept is not limited thereto. In 
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some embodiments, the third semiconductor layer 15 may 
be formed of a silicon-germanium (SiGe) layer having a 
high silicon content, or a silicon carbide layer. In some 
embodiments, the second semiconductor layer 14 may not 
be formed, and the third semiconductor layer 15 may be 
formed to be in direct contact with the first semiconductor 
layer 13. A planarization process may be performed on the 
first filling insulation layer and the third semiconductor layer 
15. As a result, the first gate dielectric layer 11, an active 
pillar AP, and a first filling insulation pattern 17 may be 
formed in each of the active holes 9. When the third 
semiconductor layer 15 is formed, the third semiconductor 
layer 15 may be formed to have a poly-crystalline structure 
by a solid phase crystallization method. However, the inven 
tive concept is not limited thereto. The third semiconductor 
layer 15 may be formed to have a single-crystalline struc 
ture. In some embodiments, the crystal structures of the first 
and second semiconductor layers 13 and 14 may be con 
verted into a single-crystalline structure during the forma 
tion of the third semiconductor layer 15. 

Referring to FIG. 8, the intergate insulating layers 7, the 
sacrificial layers 5, and the buffer oxide layer 3 may be 
Successively patterned at positions spaced apart from the 
active holes 9 to form grooves 19 exposing the substrate 1. 
An ion implantation process may be performed to form a 
common source line CSL in the substrate 1 under each of the 
grooves 19 and a drain region D in a top end portion of the 
active pillar AP. 

Referring to FIGS. 2 and 9, an isotropic etching process 
may be performed to remove the sacrificial layers 5 through 
the grooves 19. Thus, empty regions 19a are formed 
between the intergate insulating layers 7. 

Referring again to FIGS. 2 and 3, a second gate dielectric 
layer 22 may be conformally formed in the empty regions 
19a. Subsequently, a conductive layer may be formed to fill 
the empty regions 19a and at least a portion of the groove 19 
by a deposition process. The conductive layer disposed in 
the groove 19 may be removed to form lower selection lines 
LSL, word lines WL0 to WL3, and upper selection lines 
USL. A second filling insulation pattern 20 may be formed 
to fill the groove 19. Thereafter, a separation groove 21 may 
beformed to divide the upper selection lines USL into upper 
selection line segments laterally separated from each other, 
and a separation insulating layer GSP may be formed to fill 
the separation groove 21. Next, a bit line BL may be formed 
to be connected to the drain region D. 

In the method of fabricating the semiconductor memory 
device described above, a portion of the active pillar AP in 
which a channel region is not defined may be formed of the 
silicon layer. Thus, semiconductor fabricating processes 
skilled in processing the silicon layer may be directly 
applied to the fabricating method of the semiconductor 
memory device according to some embodiments of the 
inventive concept. This means that the semiconductor 
memory device may be easily fabricated. 

FIG. 10 is a cross-sectional view taken along a line A-A 
of FIG. 2 to illustrate a semiconductor memory device 
according to Some embodiments of the inventive concept. 

Referring to FIG. 10, in a semiconductor memory device 
according to some embodiments, a sidewall of each of the 
active holes 9 is not covered with the gate dielectric layer. 
An active pillar AP may include a first semiconductor layer 
13 and a second semiconductor layer 14. The first semicon 
ductor layer 13 may be formed of a material of which charge 
mobility is greater than that of silicon. For example, the first 
semiconductor layer 13 may be formed of at least one of 
germanium (Ge), silicon-germanium (SiGe), gallium-arse 
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nic (GaAs), indium-gallium-arsenic (InGaAs), and/or alu 
minum-gallium-arsenic (AlGaAs). The first semiconductor 
layer 13 may have a thickness or a width of about 50 A or 
greater than 50 A. The second semiconductor layer 14 may 
include a poly-silicon layer. The first semiconductor layer 13 
may be in contact with the substrate 1. The first semicon 
ductor layer 13 and the second semiconductor layer 14 may 
have cup shapes instead of spacer shapes. A gate dielectric 
layer 11 may be disposed between the first semiconductor 
layer 13 and each of the lines LSL, WL, and USL and 
between each of the lines LSL, WL, and USL and the 
intergate insulating layers 7 adjacent thereto. The gate 
dielectric layer 11 may include a tunnel dielectric layer, a 
charge storage layer, and a blocking dielectric layer. 

FIG. 11 is a cross-sectional view illustrating a method of 
fabricating the semiconductor memory device of FIG. 10. 

Referring to FIG. 11, a first semiconductor layer 13 and a 
second semiconductor layer 14 may be sequentially formed 
on an entire top surface of the substrate 1 of the structure 
illustrated in FIG. 5. The first and second semiconductor 
layers 13 and 14 may be conformally formed on the sub 
strate 1. Next, a first filling insulation layer 17 may be 
formed to fill each of the active holes 9. A planarization 
process may be performed on the first filling insulation layer 
17 and the second and first semiconductor layers 14 and 13 
to form an active pillar AP and a first insulation pattern 17 
in each of the active holes 9. Subsequently, the processes 
described with reference to FIGS. 8 and 9 may be per 
formed. 

FIG. 12 is a cross-sectional view taken along a line A-A 
of FIG. 2 to illustrate a semiconductor memory device 
according to some embodiments of the inventive concept. 
FIG. 13 is an enlarged view of the portion B1 of FIG. 12 
according to Some embodiments of the inventive concept. 
FIG. 14 is a graph illustrating a germanium content accord 
ing to a position in an active pillar of FIG. 13. 

Referring to FIGS. 12, 13, and 14, an active pillar AP may 
be formed of a single-layered silicon-germanium layer 
according to Some embodiments. Here, a germanium content 
may be varied according to a position in the active pillar AP. 
The active pillar AP may include a first portion P1 adjacent 
to the gate dielectric layer 11 and a second portion P2 spaced 
apart from the first portion P1. In some embodiments, the 
germanium content of the first portion P1 may be greater 
than that of the second portion P2. A silicon content of the 
first portion P1 may be lower than that of the second portion 
P2. The gate dielectric layer 11 may include a tunnel 
dielectric layer 11a, a charge storage layer 11b, and a 
blocking insulating layer 11c. The tunnel dielectric layer 11a 
may be formed of a thermal oxide layer, so it may be locally 
disposed between the active pillar AP and the charge storage 
layer 11b. 

FIG. 15 is a cross-sectional view illustrating a method of 
fabricating the semiconductor memory device of FIG. 12. 

Referring to FIG. 15, a single-layered silicon-germanium 
layer is formed as an active pillar AP in each of the active 
holes 9 illustrated in FIG. 11 instead of the active pillar AP 
including the first and second semiconductor layers 13 and 
14. A difference in the germanium content may not occur in 
the active pillar AP consisting of the single-layered silicon 
germanium layer when the active pillar AP is formed. 
However, a sidewall of the active pillar AP may be thermally 
oxidized under an oxygen atmosphere when a gate dielectric 
layer 11 is formed after selective removal of the sacrificial 
layers 5. Reactivity between oxygen and silicon may be 
greater than reactivity between oxygen and germanium, and 
thus, the active pillar AP exposed through the empty regions 
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19a formed by the removal of the sacrificial layer 5 may be 
oxidized to be converted into at least a portion (e.g., the 
tunnel dielectric layer) of the gate dielectric layer 11. Silicon 
may be consumed in a first portion of the active pillar AP 
adjacent to the gate dielectric layer 11, so the germanium 
content of the first portion of the active pillar AP may 
increase. Since a second portion of the active pillar AP 
spaced apart from the gate dielectric layer 11 may not react 
with oxygen, the germanium content of the second portion 
of the active pillar AP may not increase. As a result, the 
germanium content difference according to a position may 
occur in the active pillar AP. In addition, the silicon content 
of the first portion of the active pillar AP may be lower than 
that of the second portion of the active pillar AP. Other 
fabricating processes of the semiconductor memory device 
may be the same as or similar to corresponding ones 
described with reference to FIGS. 4 to 9. 

In some embodiments, the active pillar AP may be formed 
of the single-layered silicon-germanium layer, and a portion 
of the active pillar AP may be oxidized to form the at least 
a portion of the gate dielectric layer 11 and to cause a 
gradient of the germanium content according to the position 
of the active pillar AP concurrently. Thus, the fabricating 
processes of the semiconductor memory device may be 
simplified. 

FIG. 16 is a schematic block diagram illustrating an 
electronic system including a semiconductor device accord 
ing to Some embodiments of the inventive concept. 

Referring to FIG. 16, an electronic system 1100 may be 
used in a personal digital assistant (PDA), a portable com 
puter, a web tablet, a wireless phone, a mobile phone, a 
digital music player, or other electronic products receiving 
or transmitting information data by wireless. 
The electronic system 1100 may include a controller 1110, 

an input/output (I/O) unit 1120, a memory device 1130, an 
interface unit 1140, and a data bus 1150. At least two of the 
controller 1110, the I/O unit 1120, the memory device 1130, 
and the interface unit 1140 may communicate with each 
other through the data bus 1150. 
The controller 1110 may include at least one of a micro 

processor, a digital signal processor, a microcontroller, or 
other logic devices. Functions of the other logic devices may 
be a similar to those of the microprocessor, the digital signal 
processor and the microcontroller. The memory device 1130 
may store commands that are to be executed by the con 
troller 1110. The I/O unit 1120 may receive data or signals 
from an external system or may output data or signals to the 
external system. For example, the I/O unit 1120 may include 
a keypad, a keyboard and/or a display device. 
The memory device 1130 may include at least one of the 

non-volatile memory devices according to some embodi 
ments of the inventive concept. The memory device 1130 
may further include at least one of another type of semi 
conductor memory devices and volatile random access 
memory devices. 
The interface unit 1140 may transmit electrical data to a 

communication network or may receive electrical data from 
a communication network. 

FIG. 17 is a schematic block diagram illustrating a data 
storage device including a semiconductor memory device 
according to Some embodiments of the inventive concept. 

Referring to FIG. 17, a data storage device 1200 for 
storing high-capacity data may include a flash memory 
device 1210 implemented with at least one of the semicon 
ductor memory devices according to some embodiments of 
the inventive concept. The data storage device 1200 may 
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further include a memory controller 1220 that controls data 
communication between a host and the flash memory device 
1210. 
A static random access memory (SRAM) device 1221 

may be used as a working memory of a central processing 
unit (CPU) 1222. A host interface unit 1223 may be con 
figured to include a data communication protocol between 
the data storage device 1200 and the host. An error check 
and correction (ECC) block 1224 may detect and correct 
errors of data which are read out from the flash memory 
device 1210. A memory interface unit 1225 may connect the 
memory controller 1220 to the flash memory device 1210 
according to Some embodiments of the inventive concept. 
The CPU 1222 may control overall operations of the 
memory controller 1220 for exchanging data. The data 
storage device 1200 may further include a read only memory 
(ROM) storing code data for interfacing with the host. 
The semiconductor memory devices and the data storage 

device described above may be encapsulated using various 
packaging techniques. For example, the semiconductor 
memory devices or the data storage device according to 
Some embodiments of the present inventive concept may be 
encapsulated using any one of a package on package (POP) 
technique, a ball grid arrays (BGAS) technique, a chip Scale 
packages (CSPs) technique, a plastic leaded chip carrier 
(PLCC) technique, a plastic dual in-line package (PDIP) 
technique, a die in waffle pack technique, a die in wafer form 
technique, a chip on board (COB) technique, a ceramic dual 
in-line package (CERDIP) technique, a plastic metric quad 
flat package (PMOFP) technique, a plastic quad flat package 
(PQFP) technique, a small outline package (SOP) technique, 
a shrink small outline package (SSOP) technique, a thin 
Small outline package (TSOP) technique, a thin quad flat 
package (TQFP) technique, a system in package (SIP) 
technique, a multi-chip package (MCP) technique, a wafer 
level fabricated package (WFP) technique and/or a wafer 
level processed stack package (WSP) technique. 

According to some embodiments of the inventive con 
cept, the first portion, which is in contact with the gate 
dielectric layer, of the active pillar may include the semi 
conductor material of which the charge mobility is greater 
than that of silicon. When the semiconductor memory device 
is operated, the channel may be formed in the channel region 
defined in the first portion of the active pillar. Thus, mobility 
of charges in the channel region may increase to increase the 
cell current. In other words, a cell data read error may be 
reduced or possibly prevented by the increased cell current. 

In addition, the second portion, in which the channel may 
not be formed, of the active pillar may include the silicon 
layer or the semiconductor layer having the high silicon 
content. Thus, semiconductor fabricating processes skilled 
in processing the silicon layer may be directly applied to 
easily fabricate the semiconductor memory device. 

According to some embodiments of the inventive con 
cept, the active pillar may be formed of the single-layered 
silicon-germanium layer, and a portion of the active pillar 
may be oxidized to form the gate dielectric layer and to 
cause the gradient of the germanium content of the active 
pillar concurrently. Thus, fabricating processes of the semi 
conductor memory device may be simplified. 
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 of the inventive concept. 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 
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equivalents, and shall not be restricted or limited by the 
foregoing detailed description. 
What is claimed is: 
1. A semiconductor memory device comprising: 
an active pillar protruding from a Substrate, the active 

pillar comprising silicon; 
a gate electrode adjacent to a sidewall of the active pillar; 

and 
a gate dielectric layer disposed between the active pillar 

and the gate electrode, 
wherein the active pillar comprises a first portion that is 

in contact with the gate dielectric layer and a second 
portion that is spaced apart from the gate dielectric 
layer, 

wherein a silicon content of the second portion is higher 
than a silicon content of the first portion, and 

wherein only one of the first and second portions directly 
contacts the Substrate. 

2. The semiconductor memory device of claim 1, wherein 
the first portion of the active pillar comprises a first semi 
conductor layer, 

wherein the second portion of the active pillar comprises 
a second semiconductor layer, 

wherein the first semiconductor layer includes germanium 
(Ge), silicon-germanium (SiGe), gallium-arsenic 
(GaAs), indium-gallium-arsenic (InGaAs), and/or alu 
minum-gallium-arsenic (AlGaAs), and 

wherein a silicon content of the second semiconductor 
layer is higher than a silicon content of the first semi 
conductor layer. 

3. The semiconductor memory device of claim 2, wherein 
the active pillar further comprises a third semiconductor 
layer covering a sidewall of the second semiconductor layer, 
and 

wherein the third semiconductor layer includes a silicon 
layer. 

4. The semiconductor memory device of claim 1, wherein 
the active pillar includes a single-layered silicon-germanium 
layer, and 

wherein a germanium content of the first portion is higher 
than a germanium content of the second portion. 

5. The semiconductor memory device of claim 4, further 
comprising: 

a plurality of intergate insulating layers adjacent to the 
sidewall of the active pillar and disposed on and under 
the gate electrode, 

wherein the gate dielectric layer comprises a tunnel 
dielectric layer, a charge storage layer, and a blocking 
dielectric layer that are sequentially stacked on the 
sidewall of the active pillar, 

wherein the tunnel dielectric layer includes a thermal 
oxide layer and covers only a portion of the sidewall of 
the active pillar, and 

wherein the charge storage layer and the blocking dielec 
tric layer are disposed between the gate electrode and 
the active pillar and between the gate electrode and one 
of the plurality of intergate insulating layers. 

6. The semiconductor memory device of claim 1, wherein 
the gate dielectric layer comprises a tunnel dielectric layer, 
a charge storage layer, and a blocking dielectric layer that 
are sequentially stacked on the sidewall of the active pillar. 

7. The semiconductor memory device of claim 1, wherein 
the first portion has a thickness about 50 A or greater than 
50 A. 

8. The semiconductor memory device of claim 1, wherein 
the active pillar has an amorphous structure, a single 
crystalline structure, or a poly-crystalline structure. 
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9. The semiconductor memory device of claim 1, further 

comprising: 
a plurality of intergate insulating layers adjacent to the 

sidewall of the active pillar and disposed on and under 
the gate electrode, 

wherein the gate dielectric layer extends between the 
active pillar and the plurality of intergate insulating 
layers. 

10. The semiconductor memory device of claim 1, 
wherein the first portion of the active pillar comprises an 'L' 
shaped semiconductor layer. 

11. The semiconductor memory device of claim 1, 
wherein a germanium content of the second portion is lower 
than a germanium content of the first portion. 

12. A semiconductor memory device comprising: 
a plurality of intergate insulating layers and a plurality of 

gate electrodes alternately stacked on a Substrate; 
an active pillar extending through the plurality of inter 

gate insulating layers and the plurality of gate elec 
trodes and being connected to the Substrate; and 

a first gate dielectric layer covering a sidewall of the 
active pillar, 

wherein the active pillar comprises a first portion that is 
in contact with the first gate dielectric layer and a 
second portion that is spaced apart from the first gate 
dielectric layer, 

wherein the first portion includes a first semiconductor 
material having a charge mobility that is greater than a 
charge mobility of silicon, and 

wherein the second portion includes a second semicon 
ductor material having a silicon content that is higher 
than a silicon content of the first semiconductor mate 
rial and being connected to the Substrate. 

13. The semiconductor memory device of claim 12, 
wherein the first gate dielectric layer comprises a tunnel 
dielectric layer, a charge storage layer, and a blocking 
dielectric layer which are sequentially stacked on a sidewall 
of the first portion of the active pillar. 

14. The semiconductor memory device of claim 12, 
wherein the first portion of the active pillar comprises a first 
semiconductor layer, 

wherein the second portion of the active pillar comprises 
a second semiconductor layer, 

wherein the first semiconductor layer includes the first 
semiconductor material, 

wherein a bottom surface of the first semiconductor layer 
is spaced apart from the Substrate, and 

wherein the second semiconductor layer includes a silicon 
layer and is connected to the Substrate. 

15. The semiconductor memory device of claim 14, 
further comprising: 

a second gate dielectric layer disposed between one of the 
plurality of gate electrodes and one of the plurality of 
intergate insulating layers and between the first gate 
dielectric layer and the plurality of gate electrodes, 

wherein a dielectric constant of the second gate dielectric 
layer is higher than a dielectric constant of a silicon 
oxide layer. 

16. The semiconductor memory device of claim 14, 
wherein the first semiconductor layer includes germanium 
(Ge), silicon-germanium (SiGe), gallium-arsenic (GaAs), 
indium-gallium-arsenic (InGaAs), and/or aluminum-gal 
lium-arsenic (AlGaAs). 

17. The semiconductor memory device of claim 16, 
wherein the first semiconductor layer of the active pillar has 
a poly-crystalline structure. 
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18. A semiconductor memory device comprising: 
an active pillar protruding from a substrate; 
a plurality of gate electrodes Surrounding the active pillar 

and sequentially stacked on the Substrate; and 
a gate dielectric layer disposed between the active pillar 

and the plurality of gate electrodes, 
wherein the active pillar comprises a first portion that is 

in contact with the gate dielectric layer and a second 
portion that is spaced apart from the gate dielectric 
layer, 

wherein the first portion of the active pillar includes a first 
silicon-germanium (SiGe) layer, 

wherein the second portion of the active pillar includes a 
second silicon-germanium (SiGe) layer, and 

wherein a silicon content of the first silicon-germanium 
(SiGe) layer is lower than a silicon content of the 
second silicon-germanium (SiGe) layer. 

19. The semiconductor memory device of claim 18, 
wherein a germanium content of the first silicon-germanium 
(SiGe) layer is higher than a germanium content of the 
second silicon-germanium (SiGe) layer. 

20. The semiconductor memory device of claim 19, 
wherein the gate dielectric layer comprises a tunnel dielec 
tric layer, a charge storage layer, and a blocking dielectric 
layer that are sequentially stacked on a sidewall of the active 
pillar. 
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