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Field effect transistors are provided. According to the field
effect transistor, a source region and a drain region are pro-
vided on a substrate and a fin portion is provided to protrude
from the substrate. The fin portion connects the source region
and the drain region to each other. A gate electrode pattern is
disposed on the fin portion and extends to cross over the fin
portion. A gate dielectric layer is disposed between the fin
portion and the gate electrode pattern. A semiconductor layer
is disposed between the fm portion and the gate dielectric
layer. The semiconductor layer and the fin portion have
dopant-concentrations different from each other, respec-
tively.
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FIELD EFFECT TRANSISTORS INCLUDING
FIN STRUCTURES WITH DIFFERENT
DOPED REGIONS AND SEMICONDUCTOR
DEVICES INCLUDING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This U.S. non-provisional patent application claims
priority under 35 U.S.C. §119 to Korean Patent Application
No. 10-2012-0028996, filed on Mar. 21, 2012, the entirety of
which is incorporated by reference herein.

BACKGROUND

[0002] The inventive concept relates to field effect transis-
tors and semiconductor devices including the same.

[0003] Semiconductor devices may be attractive because of
their small size, multi-function and/or low fabrication cost.
Semiconductor devices can be categorized as semiconductor
memory devices that store data, semiconductor logic devices
that process data, and, hybrid semiconductor devices that
function as semiconductor memory devices and as semicon-
ductor logic devices. The characteristics of high reliability,
high speed, and/or multi-function of these semiconductor
devices may improve with the development of the electronics
industry.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Theinventive concept will become more apparent in
view of the attached drawings and accompanying detailed
description.

[0005] FIG.11is aperspective view illustrating a field effect
transistor according to an embodiment of the inventive con-
cept.

[0006] FIGS. 2 and 3 are cross-sectional views taken along

a line A-A'" and a line B-B' of FIG. 1, respectively.

[0007] FIG. 4 is an enlarged view of a fin portion and a
region adjacent to the fin portion of FIG. 2.

[0008] FIGS.5,7,9, and 11 are plan views of field effect
transistors according to embodiments of the inventive con-
cept.

[0009] FIGS. 6, 8, 10, and 12 are cross-sectional views
taken along lines C-C' of FIGS. 5, 7, 9, and 11, respectively.
[0010] FIGS. 13 to 30 are perspective views and cross-
sectional views illustrating methods of manufacturing a field
effect transistor according to embodiments of the inventive
concept.

[0011] FIG. 31 is a perspective view illustrating a field
effect transistor according to another embodiment of the
inventive concept.

[0012] FIGS. 32 and 33 are cross-sectional views taken
along a line A-A' and a line B-B' of FIG. 31.

[0013] FIG.34is aperspective view illustrating methods of
forming a semiconductor layer according to other embodi-
ments of the inventive concept.

[0014] FIG. 35 is a cross-sectional view illustrating a field
effect transistor according to still another embodiment of the
inventive concept.

[0015] FIGS. 36 and 37 are cross-sectional views illustrat-
ing a field effect transistor according to yet another embodi-
ment of the inventive concept.

[0016] FIG. 38 is an enlarged view of a fin portion and a
region adjacent to the fin portion of FIG. 36.
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[0017] FIG. 39 is a perspective view illustrating a field
effect transistor according to yet still another embodiment of
the inventive concept.

[0018] FIGS. 40 and 41 are cross-sectional views taken
along a line A-A' and a line B-B' of FIG. 39.

[0019] FIG. 42 is a circuit diagram of a complementary
metal-oxide-semiconductor (CMOS) static random access
memory (SRAM) cell including at least one of the field effect
transistors according to embodiments of the inventive con-
cept.

[0020] FIG. 43 is a block diagram illustrating an example of
electronic systems including field effect transistors according
to embodiments of the inventive concept.

[0021] FIG. 44 is a perspective view of a gate-all-around
type structure including a nanowire in some embodiments
according to the inventive concept.

[0022] FIG. 45 is a cross-sectional view of an omega
shaped gate structure in some embodiments according to the
inventive concept.

SUMMARY

[0023] Embodiments according to the inventive concept
can provide fin structures with different doped regions. Pur-
suant to these embodiments, a Field Effect Transistor (FET)
structure can include a device isolation layer on a substrate
and a fin that extends from the substrate to protrude from the
device isolation layer. The fin can include a threshold voltage
control region that is doped with a first concentration of
impurities and a carrier region, on the threshold voltage con-
trol region, that is doped with a second concentration of
impurities that is less than the first concentration of impuri-
ties.

[0024] In some embodiments according to the inventive
concept, a total width of the fin including the threshold volt-
age control region and the carrier region is greater than about
10 nm and the threshold voltage control region includes an
inner portion of the fin and the carrier region includes an outer
portion of the fin grown on the inner portion.

[0025] In some embodiments according to the inventive
concept, a total width of the fin including the threshold volt-
age control region and the carrier region is greater than about
an amount where volume inversion occurs in the fin and the
threshold voltage control region includes an inner portion of
the fin and the carrier region includes an outer portion of the
fin grown on the inner portion.

[0026] In some embodiments according to the inventive
concept, the second concentration of impurities comprises
diffused impurities from the first concentration of impurities.
In some embodiments according to the inventive concept, the
second concentration of impurities can be about 10 percent or
less of the first concentration of impurities.

[0027] In some embodiments according to the inventive
concept, a total width of the fin including the threshold volt-
age control region and the carrier region can be less than about
10 nm and wherein the carrier region includes an inner por-
tion of the fin and the threshold voltage control region
includes an outer portion of the fin grown on the inner portion.
[0028] In some embodiments according to the inventive
concept, a total width of the fin including the threshold volt-
age control region and the carrier region can be less than an
amount where volume inversion occurs in the fin and the
carrier region includes an inner portion of the fin and the
threshold voltage control region includes an outer portion of
the fin grown on the inner portion.
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[0029] In some embodiments according to the inventive
concept, the second concentration of impurities can be dif-
fused impurities from the first concentration of impurities. In
some embodiments according to the inventive concept, the
second concentration of impurities can be about 10 percent or
less of the first concentration of impurities.

[0030] In some embodiments according to the inventive
concept, Field Effect Transistor (FET) structure can include a
device isolation layer on a substrate and a fin that includes an
inner portion of the fin extending from the substrate to pro-
trude from the device isolation layer to provide upper side
walls and a top surface, the inner portion of the fin being
doped with a first concentration of impurities to provide a
threshold voltage control region and an outer portion of the
fin, on the inner portion, that can include a semiconductor
layer grown on the top surface and on the upper side walls of
the inner portion of the fin, the semiconductor layer being
doped with a second concentration of impurities that is less
than the first concentration of impurities to provide a carrier
region. A gate structure can cross over the fin.

[0031] In some embodiments according to the inventive
concept, a semiconductor device can include a device isola-
tion layer on a substrate where a first transistor that can
include a first semiconductor structure that protrudes from the
device isolation layer including a first semiconductor layer
providing a first channel during operation of the first transis-
tor and including a first threshold voltage control region
doped heavier than the first semiconductor layer to provide a
first threshold voltage. A first gate electrode and a first gate
dielectric can cross over the first semiconductor structure. A
second transistor can include a second semiconductor struc-
ture that protrudes from the device isolation layer including a
second semiconductor layer providing a second channel dur-
ing operation of the second transistor and including a second
threshold voltage control region doped heavier than the sec-
ond semiconductor layer to provide a second first threshold
voltage. A second gate electrode and a second gate dielectric
can cross over the second semiconductor structure, wherein
the first and second threshold voltages can be different thresh-
old voltages.

[0032] In some embodiments according to the inventive
concept, a Field Effect Transistor (FET) structure can include
a device isolation layer on a substrate and a fin that can have
a total width less than about 10 nm, where the fin can include
an inner portion of the fin that extends from the substrate to
protrude from the device isolation layer to provide upper side
walls, a top surface, and a channel region, the inner portion of
the fin being doped with a first concentration of impurities. An
outer portion of the fin can include a semiconductor layer
grown on the top surface and on the upper side walls of the
inner portion of the fin, the semiconductor layer being doped
with a second concentration of impurities that is greater than
the first concentration of impurities. A gate structure can cross
over the fin opposite the channel region.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0033] The inventive concept will now be described more
fully hereinafter with reference to the accompanying draw-
ings, in which exemplary embodiments of the inventive con-
cept are shown. The advantages and features of the inventive
concept and methods of achieving them will be apparent from
the following exemplary embodiments that will be described
in more detail with reference to the accompanying drawings.
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It should be noted, however, that the inventive concept is not
limited to the following exemplary embodiments, and may be
implemented in various forms. Accordingly, the exemplary
embodiments are provided only to disclose the inventive con-
cept 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.

[0034] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended to
limit the invention. As used herein, the singular terms “a,”
“an” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise. As used
herein, the term “and/or” includes any and all combinations
of one or more of the associated listed items. It will be under-
stood that when an element is referred to as being “con-
nected” or “coupled” to another element, it may be directly
connected or coupled to the other element or intervening
elements may be present.

[0035] Similarly, it will be understood that when an ele-
ment 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

2 <

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, opera-
tions, elements, and/or components, but do not preclude the
presence or addition of one or more other features, integers,
steps, operations, elements, components, and/or groups
thereof.

[0036] Additionally, the embodiment in the detailed
description will be described with sectional views as ideal
exemplary views of the inventive concept. Accordingly,
shapes of the exemplary views may be modified according to
manufacturing techniques and/or allowable errors. There-
fore, the embodiments of the inventive concept are not limited
to the specific shape illustrated in the exemplary views, but
may include other shapes that may be created according to
manufacturing processes. Areas exemplified in the drawings
have general properties, and are used to illustrate specific
shapes of elements. Thus, this should not be construed as
limiting the scope of the inventive concept.

[0037] 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. Exemplary 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.

[0038] Moreover, exemplary embodiments are described
herein with reference to cross-sectional illustrations and/or
plane illustrations that are idealized exemplary illustrations.
Accordingly, variations from the shapes of the illustrations as
a result, for example, of manufacturing techniques and/or
tolerances, are to be expected. Thus, exemplary 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
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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 embodi-
ments.

[0039] FIG.11is aperspective view illustrating a field effect
transistor according to an embodiment of the inventive con-
cept. FIGS. 2 and 3 are cross-sectional views taken along a
line A-A' and a line B-B' of FIG. 1, respectively. FIG. 4 is an
enlarged view of a fin portion and a region adjacent to the fin
portion of FIG. 2.

[0040] A field effect transistor according to an embodiment
of the inventive concept is described with reference to FIGS.
1 to 4. A fin F may be provided to protrude from a substrate
100. The substrate 100 may be a semiconductor substrate
including silicon, germanium, or silicon-germanium. For
example, the fin F may correspond to a portion of the substrate
100 but also may include an epitaxial layer (i.e., semiconduc-
tor layer) that is grown from the substrate 100. Accordingly,
in some embodiments, an inner portion of the fin F may
correspond to the portion of the substrate 100 that protrudes
therefrom and an outer portion of the fm corresponds to the
semiconductor layer that is grown on the inner portion of the
fin F. The fin F may extend between device isolation layers
110 so as to protrude upward from a top surface of the sub-
strate 100 to provide upper side walls of the fin F. The device
isolation layers 110 may cover lower sidewalls of the fin F.
[0041] A gate electrode pattern 147 may be provided on the
fin F. The gate electrode pattern 147 may extend in an X-axis
direction. The gate electrode pattern 147 may include at least
one metal layer. For example, the gate electrode pattern 147
may include a first sub-gate electrode MG1 and a second
sub-gate electrode MG2, and each of the first and second
sub-gate electrodes MG1 and MG2 may be a layer including
a metal. The first sub-gate electrode MG1 may be provided
under the second sub-gate electrode MG2 and may extend
along sidewalls of the second sub-gate electrode MG2. The
first sub-gate electrode MG1 may correspond to a metal layer
for controlling a work function, and the second sub-gate
electrode M(G2 may correspond to a metal layer filling a space
defined by the first sub-gate electrode MG1. Also, the first
sub-gate electrode MG1 may include at least one of TiN, TaN,
TiC, and TaC. For example, the second sub-gate electrode
MG2 may include tungsten or aluminum. In other embodi-
ments, the gate electrode pattern 147 may include silicon
and/or germanium.

[0042] Although the portions of the structures described
herein take the form of a fin, it will be understood that the
different doping levels provided to threshold voltage control
regions and carrier regions can be applied to other geometries
such as a “gate-all-around” structure (such as a nanowire
structure) and an “omega shaped” gate structure. FIG. 44
illustrates a nanowire structure 115 used to provide what is
referred to herein as the fin F. Outer portions of the fin can be
an epitaxially grown semiconductor layer 112 that may be
less heavily doped than the nanowire structure 115 in some
embodiments according to the invention.

[0043] Embodiments according to the inventive concept
can also be provided in the form of omega shaped gate struc-
tures, such as those illustrated in FIG. 45, where the fin 54
takes the form of an omega shaped letter having a neck por-
tion adjacent to the substrate which is narrower than an upper
portion of the body of the omega shaped structure. Still fur-
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ther, the outer fin portion 74 formed thereon can also follow
the profile of the sidewalls and top portion of the omega
shaped fin 54 and can be an epi-grown semiconductor layer.
[0044] Furthermore the structures shown herein referred to
as, for example, the fin can be active semiconductor layers,
which are formed to have equivalent semiconductor proper-
ties as the fin structures. For example, the active semiconduc-
tor layer can be formed to include inner and outer portions
that are doped differently as described herein. Other struc-
tures may also be used in embodiments according to the
invention.

[0045] Referring again to FIGS. 1-4, a gate dielectric layer
145 may be provided between the fin F and the gate electrode
pattern 147. The gate dielectric layer 145 may extend along
upper sidewalls and a top surface of the fin F. For example, the
gate dielectric layer 145 may extend between the gate elec-
trode pattern 147 and the device isolation layers 110. The gate
dielectric layer 145 may be provided between the fin F and the
gate electrode pattern 147 and may extend along sidewalls of
the gate electrode pattern 147. The gate dielectric layer 145
may include a high-k dielectric material having a dielectric
constant greater than that of a silicon oxide layer. For
example, the gate dielectric layer 145 may include HfO,,
Zr0,, and/or Ta,Os. It will be understood that the gate elec-
trode pattern 147 and the gate dielectric layer 145 may be
referred to herein collectively as a gate structure.

[0046] A semiconductor layer (or a semiconductor region)
131 may be provided between the fin F and the gate dielectric
layer 145. The semiconductor layer 131 may be provided in a
crossing region of the gate electrode pattern 147 and the fin F.
As illustrated in FIG. 2, the semiconductor layer 131 may
extend onto a first upper sidewall SW1 of the fin F which faces
the gate electrode pattern 147. In other words, the semicon-
ductor layer 131 may be disposed along a surface of the fin F
exposed by the device isolation layers 110. In some embodi-
ments, as illustrated in FIG. 3, the semiconductor layer 131
may not be provided on a second upper sidewall SW2 of the
fin F which faces a source/drain region 161, as described
further below.

[0047] As illustrated in FIG. 4, the fin F may include a
threshold voltage control doped region DV. The threshold
voltage control doped region DV and the semiconductor layer
131 may be doped with dopants of the same conductivity
type. In some embodiments, when the field effect transistor
according to an embodiment of the inventive concept is a
NMOS transistor, the dopant may be boron (B). In other
embodiments, when the field effect transistor is a PMOS
transistor, the dopant may be phosphorus (P) or arsenic (As).
The semiconductor layer 131 and the threshold voltage con-
trol doped region DV may have dopant-concentrations that
are different from each other, respectively. In some embodi-
ments, the dopant-concentration of the semiconductor layer
131 may be less than the dopant-concentration of the thresh-
old voltage control doped region DV.

[0048] Insome embodiments, the semiconductor layer 131
(providing the outer portion of the fin F) may be substantially
un-doped except those dopants diffused from the threshold
voltage control doped region DV (i.e., the inner portion of the
fin F). Even though initially the semiconductor layer 131 may
not be substantially doped with dopants, due to the dopants
diffused from the threshold voltage control doped region DV,
the dopant-concentration of the semiconductor layer 131 may
have a doping profile that continuously decreases rotating
from a surface in contact with the fin F and proceeding to a
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surface in contact with the gate dielectric layer 145 of the
semiconductor layer 131. Hereinafter, the substantially un-
doped state means a state that is not substantially doped
except with those diffused dopants as described above.
[0049] In other embodiments, the semiconductor layer 131
may be doped to have a dopant-concentration equal to or less
than about a tenth of the dopant-concentration in the thresh-
old voltage control doped region DV.

[0050] When the field effect transistor is operated, as illus-
trated in FIG. 4, a channel CR is formed in the semiconductor
layer 131. When the semiconductor layer 131 having the
relatively low dopant-concentration is used as a channel
region of a transistor, an electric field applied to the channel
region by the gate electrode pattern 147 is reduced due to the
relatively low dopant-concentration of the semiconductor
layer 131. Mobility of carriers may increase by the reduction
of' the electric field. Additionally, since the threshold voltage
control doped region DV is spaced apart from the gate elec-
trode pattern 147, distribution of threshold voltages may be
improved. In some embodiments, the semiconductor layer
131 may be formed of the same material as the fin F. In other
embodiments, the semiconductor layer 131 may be formed of
a semiconductor material that is different from that of the fm
F. For example, if the fin F is formed of silicon, the semicon-
ductor layer 131 may include at least one of InSh, InAs,
GaSb, InP, GaAs, Ge, SiGe, and SiC. The semiconductor
layer 131 may include a semiconductor material having an
energy band gap different from that of the fin F. For example,
the fin F may include GaAs, and the semiconductor layer 131
may include AlGaAs.

[0051] Source/drain regions 161 may be disposed at both
sides of the gate electrode pattern 147. The source/drain
region 161 may be in contact with the second upper sidewall
SW2 of the fin F. The source/drains regions 161 may be
formed in recess regions 125 in an interlayer dielectric layer
155, respectively. In some embodiments, the source/drain
regions 161 may be elevated source/drain shapes having top
surfaces higher than a bottom surface of the gate electrode
pattern 147. The source/drain regions 161 may be insulated
from the gate electrode pattern 147 by spacers 151. For
example, the spacers 151 may include at least one of a nitride
layer and an oxynitride layer.

[0052] Ifthe field effect transistor is a PMOS transistor, the
source/drain regions 161 may be compressive stress patterns
that apply a compressive stress to the semiconductor layer
131 and the fin F, such that the mobility of carriers in the
channel region may be improved. For example, the compres-
sive stress pattern may include a material (e.g., silicon-ger-
manium (SiGe)) having a lattice constant greater than that of
the material used as the fin F (e.g., silicon). Alternatively, if
the field effect transistor is an NMOS transistor, the source/
drain regions 161 may be formed of the same material as the
substrate 100. For example, if the substrate 100 is a silicon
substrate, the source/drain regions 161 may be formed of
silicon.

[0053] In some embodiments of the inventive concept, the
semiconductor layer 131 having the relatively low dopant-
concentration is used as the channel, so that the mobility of
carriers may be improved and the distribution of the threshold
voltage may be improved. Additionally, due to the source/
drain regions 161 having elevated shapes and/or the compres-
sive stress pattern, the mobility of carriers may be further
improved and the short channel effect of the field effect tran-
sistor may be improved.
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[0054] FIGS. 5,7, 9, and 11 are plan views of field effect
transistors according to embodiments of the inventive con-
cept. FIGS. 6, 8, 10, and 12 are cross-sectional views taken
along lines C-C' of FIGS. 5, 7, 9, and 11, respectively.
[0055] In some embodiments according to the inventive
concept, field effect transistors may be complementary metal-
oxide-semiconductor (CMOS) transistors including a PMOS
transistor and a NMOS transistor. Each of the PMOS transis-
tor on a PMOS region and the NMOS transistor on a NMOS
region may include a source region SR and a drain region DR
ona substrate 100. Fins F1 and F2 may be provided to connect
the source region SR and the drain region DR to each other. A
first fin F1 may constitute a portion of the PMOS transistor. In
other words, the first fin F1 may connect the source region SR
and the drain region DR of the PMOS transistor to each other.
A second fin F2 may constitute a portion of the NMOS tran-
sistor. In other words, the second fin F2 may connect the
source region SR and the drain region DR of the NMOS
transistor. A first gate dielectric layer 145 and a first gate
electrode pattern 147 may be sequentially disposed on the
firstfin F1, and a second gate dielectric layer 146 and a second
gate electrode pattern 148 may be sequentially disposed on
the second fin F2. Each of the first and second fins F1 and F2
may extend in a first direction (e.g., a Y-axis direction)
between the source region SR and the drain region DR. Each
of the first and second gate electrode patterns 147 and 148
may extend in a second direction (e.g., an X-axis direction)
crossing the first direction.

[0056] A semiconductor layer may be provided on at least
one of'the first and second fins F1 and F2. The semiconductor
layer may be provided to both the NMOS transistor and the
PMOS transistor as illustrated in FIGS. 5 and 6. In other
words, a first semiconductor layer 131 may be disposed
between the first fin F1 and the first gate dielectric layer 145,
and a second semiconductor layer 132 may be disposed
between the second fin F2 and the second gate dielectric layer
146.

[0057] Alternatively, a semiconductor layer may be pro-
vided on only one of the NMOS transistor and PMOS tran-
sistor. In other words, the semiconductor layer may be pro-
vided on only the PMOS transistor as illustrated in FIGS. 7
and 8, or the semiconductor layer may be provided on only the
NMOS transistor as illustrated in FIGS. 9 and 10.

[0058] According to embodiments of the inventive concept,
one transistor may include one or more fins. As illustrated in
FIGS. 11 and 12, a transistor on a first region RG1 may
include a plurality of first fins F1 which connect one source
region SR and one drain region DR to each other. The inven-
tive concept is not limited to the number of the first fins F1. A
transistor on a second region RG2 may include a single sec-
ond fin F2 connecting one source region SR and one drain
region DR to each other. The first region RG1 and the second
region RG2 may correspond to two predetermined regions of
the substrate 100. First semiconductor layers 131 may be
disposed on the plurality of first fins F1 and the second semi-
conductor layer 132 may be disposed on the second fin F2. In
the present embodiment, the first semiconductor layers 131
may not be connected to each other.

[0059] FIGS. 13 to 30 are perspective views and cross-
sectional views illustrating methods of manufacturing a field
effect transistor according to embodiments of the inventive
concept.

[0060] Referring to FIG. 13, first trenches 121 for device
isolation layers may be formed in a substrate 100. A first mask
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pattern 103 may be formed on the substrate 100 and then an
etching process using the first mask pattern 103 as an etch
mask may be performed on the substrate 100 to form the first
trenches 121. The first mask pattern 103 may have a linear
shape extending in a Y-axis direction. A fin F may be formed
to extend in the Y-axis direction by the etching process. The
first mask pattern 103 may be formed of at least one of a
silicon oxide layer, a silicon nitride layer, and a silicon oxyni-
tride layer.

[0061] Referringto FIGS.14 and 15, deviceisolation layers
110 may be formed to fill the first trenches 121, respectively.
The device isolation layers 110 may be formed of at least one
of'a silicon oxide layer, a silicon nitride layer, a silicon oxyni-
tride layer. Upper portions of the device isolation layers 110
may be recessed to expose an upper portion of the fin F
including upper sidewalls thereof. The recess process may
include a selective etching process. The first mask pattern 103
may be removed before the formation of the device isolation
layers 110 or after the recess process.

[0062] In some embodiments according to the inventive
concept, the upper portion of the fin F protruding above the
device isolation layers 110 may be formed by an epitaxial
process. For example, after the device isolation layers 110 are
formed, the upper portion of the fin F may be formed by
performing the epitaxial process using the exposed top sur-
face of the fin F as a seed without the recess process of the
device isolation layers 110. The fin F can include an inner
portion.

[0063] A doping process for controlling a threshold voltage
may be performed on the fin F. If the field effect transistor
according to an embodiment is a NMOS transistor, dopants of
the doping process may be boron (B). In other embodiments,
if the field effect transistor is a PMOS transistor, the dopants
of'the doping process may be phosphorus (P) or arsenic (As).
The doping process for controlling the threshold voltage may
be performed in a concentration of about 1x10*° atoms/cm’.
The doping process may be performed as a part of the pro-
cesses of FIG. 14 or 15. Alternatively, the doping process may
be performed before the formation of the first trenches 121 of
FIG. 13.

[0064] Referring to FIG. 16, a preliminary semiconductor
layer 130 may be formed on the fin F which is exposed by the
recess process. The preliminary semiconductor layer 130
may have a linear shape extending in the Y-axis direction. The
preliminary semiconductor layer 130 may cover a top surface
and upper sidewalls of the exposed fin F and be in contact with
top surfaces of the device isolation layers 110. In some
embodiments, the preliminary semiconductor layer 130 may
be formed by an epitaxial process using the fin F as a seed. In
other embodiments, the preliminary semiconductor layer 130
may be formed by a process depositing a semiconductor
material and a patterning process. Accordingly, the prelimi-
nary semiconductor layer 130 can provide the outer portion of
the fin F.

[0065] The preliminary semiconductor layer 130 may be
formed of the same material as the inner portion of the fin F.
In some embodiments, the preliminary semiconductor layer
130 may be formed by a homo epitaxial process. Alterna-
tively, the process of forming the preliminary semiconductor
layer 130 may include a process depositing the same material
asthe inner fin F. For example, both the inner fin portion F and
the preliminary semiconductor layer 130 may be formed of
silicon. Alternatively, the preliminary semiconductor layer
130 may be formed of a material different from the inner fin
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portion F. For example, if the inner fin portion F is formed of
silicon, the preliminary semiconductor layer 130 may be
formed of a material including at least one of InSb, InAs,
GaSb, InP, GaAs, Ge, SiGe, and SiC. The preliminary semi-
conductor layer 130 may include a semiconductor material
having an energy band gap different from that of the inner fin
portion F. For example, the inner fin portion F may be formed
of GaAs, and the preliminary semiconductor layer 130 may
be formed of AlGaAs.

[0066] The preliminary semiconductor layer 130 may have
a dopant-concentration lower than that of the inner fin portion
F. In some embodiments, initially, the preliminary semicon-
ductor layer 130 may be substantially un-doped, and then the
preliminary semiconductor layer 130 may be doped by
dopants diffused from the inner fin portion F. In other words,
even though initially the preliminary semiconductor layer
130 may be formed not to be substantially doped with
dopants, the dopants in the inner fin portion F may be diffused
into the preliminary semiconductor layer 130. Thus, a
dopant-concentration of the preliminary semiconductor layer
130 may have a profile continuously decreasing from a sur-
face in contact with the inner fin portion F to a surface in
contact with the gate dielectric layer 145 of the preliminary
semiconductor layer 130. In other embodiments, the prelimi-
nary semiconductor layer 130 may be doped with additional
dopants in a dopant-concentration equal to or less than about
a tenth of that of the inner fin portion F except the dopants
diffused from the inner fin portion F.

[0067] Referring to FIG. 17, a dummy gate dielectric layer
141 and a dummy gate electrode pattern 143 may be formed
on the preliminary semiconductor layer 130 (outer fin por-
tion). The dummy gate dielectric layer 141 and the dummy
gate electrode pattern 143 may extend in an X-axis direction
crossing the fin F. The dummy gate dielectric layer 141 and
the dummy gate electrode pattern 143 may extend along a top
surface and a sidewall of the preliminary semiconductor layer
130. In some embodiments, after a dielectric layer and a
dummy gate electrode material may be formed on the result-
ant structure on which the preliminary semiconductor layer
130 is formed, an etching process using a second mask pattern
140 as an etch mask may be performed on the dummy gate
electrode material and the dielectric layer to form the dummy
gate dielectric layer 141 and the dummy gate electrode pat-
tern 143. The etching process may include a plurality of dry
and/or wet etching processes. For example, the dummy gate
dielectric layer 141 may be formed of a silicon oxide layer.
For example, the dummy gate electrode pattern 143 may be
formed of poly-silicon.

[0068] Referring to FIG. 18, spacers 151 may be formed on
sidewalls of the dummy gate electrode pattern 143 and the
preliminary semiconductor layer 130. In some embodiments,
a dielectric layer may be formed on the resultant structure
having the dummy gate electrode pattern 143 and then an
anisotropic etching process may be performed on the dielec-
tric layer until top surfaces of the preliminary semiconductor
layer 130 and the second mask pattern 104 are exposed. Thus,
the spacers 151 may be formed. The spacers 151 may be
formed of a silicon nitride layer and/or a silicon oxynitride
layer.

[0069] Referring to FIGS. 19 to 21, an interlayer dielectric
layer 155 may be formed on the resultant structure on which
the spacers 151 are formed. For example, the interlayer
dielectric layer 155 may be formed of a silicon oxide layer.
FIGS. 20 and 21 are cross-sectional views taken along lines
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A-A'and B-B' of FIG. 19, respectively. The interlayer dielec-
tric layer 155 may be planarized until a top surface of the
dummy gate electrode pattern 143 is exposed. Thus, the sec-
ond mask pattern 104 may be removed and the top surface of
the dummy gate electrode pattern 143 may be exposed.

[0070] Referring to FIGS. 22 to 24, the dummy gate elec-
trode pattern 143 and the dummy gate dielectric layer 141
may be removed. FIGS. 23 and 24 are cross-sectional views
taken along lines A-A' and B-B' of FIG. 22, respectively. A
second trench 123 exposing the preliminary semiconductor
layer 130 may be formed by removing the dummy gate elec-
trode pattern 143 and the dummy gate dielectric layer 141.
Removing the dummy gate electrode pattern 143 and the
dummy gate dielectric layer 141 may be performed by a
plurality of selective etching processes.

[0071] Referring to FIGS. 25 to 27, a gate dielectric layer
145 and a gate electrode pattern 147 may be sequentially
formed in the second trench 123. FIGS. 26 and 27 are cross-
sectional views taken along lines A-A' and B-B' of FIG. 25,
respectively. For example, the gate dielectric layer 145 may
include a high-k dielectric material having a dielectric con-
stant greater than that of a silicon oxide layer. For example,
the gate dielectric layer 145 may include HfO,, ZrO, and/or
Ta,O5. The gate dielectric layer 145 may be conformally
formed along sidewalls and a bottom surface of the second
trench 123. The gate electrode pattern 147 may include at
least one metal layer. For example, the gate electrode pattern
147 may include a first sub-gate electrode MG1 and a second
sub-gate electrode MG2. The first sub-gate electrode MG1
may be conformally formed along the gate dielectric layer
145, and the second sub-gate electrode MG2 may be disposed
on the first sub-gate electrode MG1 and fill the remaining
region of the second trench 123. For example, the first sub-
gate electrode MG1 may include at least one of TiN, TaN,
TiC, and TaC. Also the second sub-gate electrode MG2 may
include tungsten or aluminum. The gate electrode pattern 147
may be formed by a damascene process using the interlayer
dielectric layer 155 and the spacer 151 as a mold.

[0072] Referring to FIGS. 28 to 30, recess regions 125 may
be formed at both sides of the gate electrode pattern 147,
respectively. Forming the recess regions 125 may include
patterning the interlayer dielectric layer 155, the preliminary
semiconductor layer 130, and an upper portion of the fin F.
Forming the recess regions 125 may include a plurality of
etching processes. In some embodiments, an upper portion of
the interlayer dielectric layer 155 may be selectively removed
to expose the preliminary semiconductor layer 130 at both
sides of the gate electrode pattern 147. And then the prelimi-
nary semiconductor layer 130 and the fin F may be etched to
form the recess regions 125. In some embodiments, the spac-
ers 151 may be formed of a material having an etch selectivity
with respect to the interlayer dielectric layer 155, so that the
spacers 151 may protect the gate electrode pattern 147 during
the etching of the interlayer dielectric layer 155. After etching
the preliminary semiconductor 130, the spacers 151 on the
sidewalls of the preliminary semiconductor layer 130 may be
removed with the interlayer dielectric layer 155 adjacent
thereto. A portion of the spacers 151 on the sidewall of the
preliminary semiconductor layer 130 may remain. The recess
regions 125 are formed, so that a semiconductor layer 131
may remain in a crossing region of the gate electrode pattern
147 and the fin F. The semiconductor layer 131 may corre-
spond to a portion of the preliminary semiconductor layer
130. Additionally, when the recess regions 125 are formed,
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the upper portion ofthe fin F at both sides of the gate electrode
pattern 147 may be etched to form second sidewalls SW2 of
the fin F. The recess regions 125 may expose sidewalls of the
semiconductor layer 131 and the second sidewalls SW2 ofthe
fin F.

[0073] Referringto FIGS. 1to 3 again, source/drain regions
161 may be formed in the recess regions 125, respectively.
The source/drain regions 161 may be in contact with the
sidewalls of the semiconductor layer 131 and the second
sidewalls SW2 of the fin F which are exposed by the recess
regions 125. In some embodiments, the source/drain regions
161 may be formed to have elevated source/drain shapes
having top surfaces higher than a top surface of the semicon-
ductor layer 131. The source/drain regions 161 may be insu-
lated from the gate electrode pattern 147 by the spacers 151.

[0074] Ifthe field effect transistor is a PMOS transistor, the
source/drain regions 161 may be compressive stress patterns.
The compressive stress patterns may apply a compressive
stress to the outer fin semiconductor layer 131 and the inner
fin portion F, such that the mobility of carriers in the channel
region may be improved. For example, the compressive stress
patterns may include a material (e.g., silicon-germanium
(SiGe)) having a lattice constant greater than that of silicon.
Alternatively, if the field eftect transistor is an NMOS tran-
sistor, the source/drain regions 161 may be formed of the
same material as the substrate 100. For example, if the sub-
strate 100 is a silicon substrate, the source/drain regions 161
may be formed of poly-silicon.

[0075] FIG. 31 is a perspective view illustrating a field
effect transistor according to another embodiment of the
inventive concept. FIGS. 32 and 33 are cross-sectional views
taken along a line A-A' and a line B-B' of FIG. 31. FIG. 34 is
a perspective view illustrating a method of forming a semi-
conductor layer according to another embodiment of the
inventive concept.

[0076] A field effect transistor according to another
embodiment of the inventive concept and methods of manu-
facturing the same are described with respect to FIGS. 31 to
34. In the present embodiment, a semiconductor layer 134
may further extend between the substrate 100 and the device
isolation layers 110. As illustrated in FIG. 34, the semicon-
ductor layer 134 may be formed before the formation of the
device isolation layers 110. For example, after the substrate
100 is etched to form a fin F, an epitaxial process may be
performed on the substrate 100 having the fin F, thereby
forming a preliminary semiconductor layer 133 (as the outer
fin). Device isolation layers 110 may be formed to fill first
trenches on the preliminary semiconductor layer 133. Subse-
quently, the processes described with reference to FIGS. 16 to
30 may be performed to the field effect transistor illustrated in
FIGS. 31 to 33. In more detail, the preliminary semiconductor
layer 133 may be partially etched during the formation of the
recess regions 125 described with reference to FIGS. 2810 30,
thereby forming the semiconductor layer 134.

[0077] FIG. 35 is a cross-sectional view illustrating a field
effect transistor according to still another embodiment of the
inventive concept. In the present embodiment, the field effect
transistor illustrated in FIG. 31 may be modified to include a
plurality of fins F as described in FIGS. 11 and 12. In the
present embodiment, the semiconductor layer 134 may fur-
ther extend between the substrate 100 and the device isolation
layers 110 around the plurality of fins F, differently from FIG.
12. Thus, the semiconductor layer 134 may connect the plu-
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rality of fins F to each other. The plurality of fins F may be
included in one transistor and connect one source region to
one drain region.

[0078] FIGS. 36 and 37 are cross-sectional views illustrat-
ing a field effect transistor according to yet another embodi-
ment of the inventive concept. FIGS. 36 and 37 are cross-
sectional views taken along a line A-A' and a line B-B' of FIG.
1. FIG. 38 is an enlarged view of a fin and a region adjacent to
the fin of FIG. 36.

[0079] In the present embodiment, a thickness T1 of fins F
may be less than those of the fins F of the embodiments
mentioned above. A total thickness T of semiconductor mate-
rials surrounded by the gate electrode pattern 147 may be
represented by the following formula:

T=T1+2xT2,

where T1 is the thickness of the inner fin F, and T2 is a
thickness of the outer fin portion of a semiconductor layer
135.

[0080] For example, the total thickness T may be less than
about 10 nm. In other embodiments, the thickness T1 of the
inner fin portion F may be less than twice the thickness T2 of
the outer fin portion (semiconductor layer 135).

[0081] Ifthe thickness T1 of the inner fin portion F is very
thin, movement of carriers may be spatially limited, and
overlap of wave functions showing existence probability of
particles may occur in the inner fin portion F. Since the square
of an absolute value of the wave function may represent the
existence probability of the carrier, an inversion region may
be formed not in the semiconductor layer 135 but in the inner
fin portion F. The inversion region in the inner fin portion F is
referred to as ‘a volume inversion’. Thus, the inner fin portion
F may be used as a channel CR in the present embodiment as
illustrated in FIG. 38. Although some dimensions of total fin
width are disclosed herein where volume inversion may occur
in some embodiments according to the inventive concept, it
will be understood that in some embodiments according to
the inventive concept, a thickness is described as an approxi-
mate dimension where volume inversion may occur in the
device. For example, in some embodiments according to the
inventive concept, the total width of the fin (including the
threshold voltage control region and the carrier region) is
described as being greater than about an amount where vol-
ume inversion occurs in the fin, so that the threshold voltage
control region would then be the inner portion of the fin and
the carrier region would be the outer portion of the fin that is
grown on the inner portion.

[0082] In the present embodiment, the outer fin portion
(semiconductor layer 135) may include a threshold voltage
control doped region DV. The threshold voltage control doped
region DV and the inner fin portion F may be doped with
dopants of the same conductivity type. For example, if the
field effect transistor is an NMOS transistor, the dopant may
be boron (B). Alternatively, if the field effect transistor is a
PMOS transistor, the dopant may be phosphorus (P) or
arsenic (As).

[0083] In the present embodiment, the inner fin portion F
may have a dopant-concentration less than that of the thresh-
old voltage control doped region DV. For example, the inner
fin portion F may be in a substantially un-doped state except
those dopants that are diffused from the outer fm portions
(semiconductor layer 135). Even though initially the inner fin
portion F may not be substantially doped, the dopant-concen-
tration of the inner fin portion F may have a profile continu-
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ously decreasing from a surface of the fin portion F in contact
with the outer fin portion (semiconductor layer 135) to the
inside of the inner fin portion F.

[0084] Inother embodiments, the inner fin portion F may be
initially doped to have a dopant-concentration equal to or less
than about a tenth of the dopant-concentration of the thresh-
old voltage control doped region DV.

[0085] Whenthe field effect transistor operates, the channel
CR is formed in the inner fin portion F as illustrated in FIG.
38. When the inner fin portion F having the relatively low
dopant-concentration is used as a channel region of a transis-
tor, an electric field applied to the channel region by the gate
electrode pattern 147 is reduced. Mobility of carriers may
increase by the reduction of the electric field. Semiconductor
materials of the outer fin portion (semiconductor layer 135)
and the inner fin portion F may be the same as those of the
semiconductor layer 131 and the inner fin portion F described
with reference to FIGS. 1 to 4, respectively.

[0086] The doping of the semiconductor layer 135 may be
performed in situ. In some embodiments, the semiconductor
layer 135 may be formed by an epitaxial process using the
inner fin portion F as a seed, and the threshold voltage control
doped region DV may be formed simultaneously with per-
forming the epitaxial process.

[0087] FIGS. 39 to 41 are views illustrating a field effect
transistor according to yet still another embodiment of the
inventive concept. F1G. 39 is a perspective view illustrating a
field effect transistor according to yet still another embodi-
ment of the inventive concept, and FIGS. 40 and 41 are
cross-sectional views taken along a line A-A' and a line B-B'
of FIG. 39. For the purpose of ease and convenience in expla-
nation, the descriptions of previously described elements may
be omitted.

[0088] Inthe present embodiment, the field effect transistor
may be formed on a silicon-on-insulator (SOI) substrate. The
SOI substrate may include a first layer 101, a second layer
115, and a third layer. The first layer 101 and the third layer
may be formed of a semiconductor material, and the second
layer 115 may be a dielectric layer such as a silicon oxide
layer. The third layer may be patterned to form a fin F. Thus,
the fin F may be insulated from the first layer 101 by the
second layer 115. Other elements in the present embodiment
may be the same as corresponding elements described in the
above embodiments, thus the descriptions thereof may be
omitted.

[0089] FIG. 42 is a circuit diagram of a complementary
metal-oxide-semiconductor (CMOS) static random access
memory (SRAM) cell including at least one of the field effect
transistors according to embodiments of the inventive con-
cept. Referring to FIG. 42, the CMOS SRAM cell may
include a pair of driver transistors TD1 and TD2, a pair of
transfer transistors TT1 and TT2, and a pair of load transistors
TL1 and TL2. The driver transistors TD1 and TD2 may cor-
respond to pull-down transistors, the transfer transistors TT1
and TT2 may correspond to pass transistors, and the load
transistors TL.1 and TL2 may correspond to pull-up transis-
tors. The driver transistors TD1 and TD2 and the transfer
transistors TT1 and TT2 may be NMOS transistors, and the
load transistors TL.1 and TL2 may be PMOS transistors.
[0090] A first driver transistor TD1 and a first transfer tran-
sistor TT1 may be connected in series to each other. A source
region of the first driver transistor TD1 may be electrically
connected to a ground line Vs, and a drain region of the first
transfer transistor TT1 may be electrically connected to a first
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bit line BL1. A second driver transistor TD2 and a second
transfer transistor TT2 may be connected in series to each
other. A source region of the second driver transistor TD2 may
be electrically connected to the ground line Vss, and a drain
region of the second transfer transistor TT2 may be electri-
cally connected to a second bit line BLL1.

[0091] A source region and a drain region of a first load
transistor TL1 may be electrically connected to a power line
Vee and a drain region of the first driver transistor TD1,
respectively. A source region and a drain region of a second
load transistor TL.2 may be electrically connected to the
power line Vce and a drain region of the second driver tran-
sistor TD2, respectively. The drain region of the first load
transistor TL.1, the drain region of the first driver transistor
TD1, and the source region of the first transfer transistor TT1
may correspond to a first node N1. The drain region of the
second load transistor TL2, the drain region of the second
driver transistor TD2, and the source region of the second
transfer transistor TT2 may correspond to a second node N2.
Gate electrodes of the first driver transistor TD1 and the first
load transistor TL1 may be electrically connected to the sec-
ond node N2, and gate electrodes of the second driver tran-
sistor TD2 and the second load transistor TL.2 may be elec-
trically connected to the first node N1. Gate electrodes of the
first and second transfer transistors TT1 and TT2 may be
electrically connected to a word line WL. The first driver
transistor TD1, the first transfer transistor TT1, and the first
load transistor TL1 may constitute a first half cell H1, and the
second driver transistor TD2, the second transfer transistor
TT2, and the second load transistor TL.2 may constitute a
second half cell H2.

[0092] The field effect transistors described in the above
embodiments may be applied to at least one of the driver
transistors TD1 and TD2, the transfer transistors TT1 and
TT2, and the load transistors TL1 and TL2. If the field effect
transistors described in the above embodiments may be
applied to at least two of the transistors TD1, TD2, TT1, TT2,
TL1, and TL2, a width, a height, and the number of the fin
applied to each transistor and a providing region of the semi-
conductor layer may be variously changed in the spirit and
scope of the inventive concept. The inventive concept is not
limited to the SRAM cell. In other embodiments, the inven-
tive concept may be applied to a dynamic random access
memory (DRAM) device, a magnetic random access memory
(MRAM) device, and/or other semiconductor devices and
methods of manufacturing the same.

[0093] FIG.43is ablock diagram illustrating an example of
electronic systems including field effect transistors according
to embodiments of the inventive concept.

[0094] Referring to FIG. 43, an electronic system 1100
according to embodiments of the inventive concept may
include a controller 1110, an input/output (/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
data bus 1150 may correspond to a path through which elec-
trical signals are transmitted.

[0095] The controller 1110 may include at least one of a
microprocessor, a digital signal processor, a microcontroller
or other logic devices. The other logic devices may have a
similar function to any one of the microprocessor, the digital
signal processor and the microcontroller. The 1/0 unit 1120
may include a keypad, a keyboard and/or a display unit. The
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memory device 1130 may store data and/or commands. The
interface unit 1140 may operate wirelessly or by cable. For
example, the interface unit 1140 may include an antenna for
wireless communication or a transceiver for cable communi-
cation. The electronic system 1100 may further include a fast
DRAM device and/or a fast SRAM device which acts as a
cache memory for improving an operation of the controller
1110. The field effect transistor according to embodiments of
the inventive concept may be provided in any portion of the
electronic system 1100.

[0096] The electronic system 1100 may be applied to a
personal digital assistant (PDA), a portable computer, a web
tablet, a wireless phone, a mobile phone, a digital music
player, a memory card or other electronic products. The other
electronic products may receive or transmit information/data
wirelessly.

[0097] According to embodiments of the inventive concept,
the field effect transistor may improve a mobility character-
istic.

[0098] According to embodiments of the inventive concept,
the field effect transistor may improve distribution of the
threshold voltage.

[0099] Whilethe inventive concept has been described with
reference to example embodiments, it will be apparent to
those skilled in the art that various changes and modifications
may be made without departing from the spirit and scope of
the inventive concept. Therefore, it should be understood that
the above embodiments are not limiting, but illustrative.
Thus, the scope of the inventive concept is to be determined
by the broadest permissible interpretation of the following
claims and their equivalents, and shall not be restricted or
limited by the foregoing description.

What is claimed is:

1. A Field Effect Transistor (FET) structure, comprising:

a device isolation layer on a substrate; and

a fin extending from the substrate to protrude from the

device isolation layer, the fin comprising a threshold
voltage control region of the FET structure being doped
with a first concentration of impurities and a carrier
region of the FET structure on the threshold voltage
control region being doped with a second concentration
of impurities that is less than the first concentration of
impurities.

2. The structure of claim 1 wherein a total width of the fin
including the threshold voltage control region and the carrier
region is greater than about 10 nm; and

wherein the threshold voltage control region comprises an

inner portion of the fin and the carrier region comprises
an outer portion of the fin grown on the inner portion.

3. The structure of claim 1 wherein a total width of the fin
including the threshold voltage control region and the carrier
region is greater than about an amount where volume inver-
sion occurs in the fin; and

wherein the threshold voltage control region comprises an

inner portion of the fin and the carrier region comprises
an outer portion of the fin grown on the inner portion.

4. The structure of claim 2 wherein the second concentra-
tion of impurities comprises diffused impurities from the first
concentration of impurities.

5. The structure of claim 2 wherein the second concentra-
tion of impurities comprises about 10 percent or less of the
first concentration of impurities.
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6. The structure of claim 1 wherein a total width of the fin
including the threshold voltage control region and the carrier
region is less than about 10 nm; and

wherein the carrier region comprises an inner portion of the

fin and the threshold voltage control region comprises an
outer portion of the fin grown on the inner portion.

7. The structure of claim 1 wherein a total width of the fin
including the threshold voltage control region and the carrier
region is less than an amount where volume inversion occurs
in the fin; and

wherein the carrier region comprises an inner portion of the

fin and the threshold voltage control region comprises an
outer portion of the fm grown on the inner portion.

8. The structure of claim 6 wherein the second concentra-
tion of impurities comprises diffused impurities from the first
concentration of impurities.

9. The structure of claim 6 wherein the second concentra-
tion of impurities comprises about 10 percent or less of the
first concentration of impurities.

10. A Field Effect Transistor (FET) structure, comprising:

a device isolation layer on a substrate;

a fin including:

aninner portion of the fin extending from the substrate to
protrude from the device isolation layer to provide
upper side walls and a top surface, the inner portion of
the fin being doped with a first concentration of impu-
rities to provide a threshold voltage control region;
and

an outer portion of the fin, on the inner portion, compris-
ing a semiconductor layer grown on the top surface
and on the upper side walls of the inner portion of the
fin, the semiconductor layer being doped with a sec-
ond concentration of impurities that is less than the
first concentration of impurities to provide a carrier
region; and

a gate structure crossing over the fin.

11. The structure of claim 10 wherein the semiconductor
layer comprises an un-doped semiconductor layer.

12. The structure of claim 10 wherein the second concen-
tration of impurities comprises diffused impurities from the
inner portion of the fin including the first concentration of
impurities.

13. The structure of claim 10 wherein the second concen-
tration of impurities comprises about 10 percent or less of the
first concentration of impurities.

14. The structure of claim 13 wherein the semiconductor
layer further comprises additional impurities diffused from
the inner portion of the fin.

15. The structure of claim 10 wherein the gate structure
comprises:

a gate electrode comprising doped polysilicon and/or

metal; and

a gate dielectric layer comprising a high K dielectric mate-

rial, on the gate electrode.

16. The structure of claim 10 wherein a total width of the fin
including the threshold voltage control region and the carrier
region is greater than about an amount where volume inver-
sion occurs in the fin.

17. The structure of claim 16 wherein the total width is
about 10 nm.

18. The structure of claim 10 further comprising:

raised source/drain regions adjacent to the fin, the raised

source/drain regions comprising a lattice constant that is
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different than respective lattice constants of the inner
and outer portions of the fin.

19. A semiconductor device comprising;

a device isolation layer on a substrate;

a first transistor including a first semiconductor structure
protruding from the device isolation layer including a
first semiconductor layer providing a first channel dur-
ing operation of the first transistor and including a first
threshold voltage control region doped heavier than the
first semiconductor layer to provide a first threshold
voltage;

a first gate electrode and a first gate dielectric crossing over
the first semiconductor structure;

a second transistor including a second semiconductor
structure protruding from the device isolation layer
including a second semiconductor layer providing a sec-
ond channel during operation of the second transistor
and including a second threshold voltage control region
doped heavier than the second semiconductor layer to
provide a second first threshold voltage; and

a second gate electrode and a second gate dielectric cross-
ing over the second semiconductor structure; and

wherein the first and second threshold voltages comprise
different threshold voltages.

20. The device of claim 19 wherein a total width of the first
semiconductor structure including the first threshold voltage
control region and the first semiconductor layer is greater than
about an amount where volume inversion occurs in the first
semiconductor structure; and

wherein the first threshold voltage control region com-
prises an inner portion of the first semiconductor struc-
ture and the first semiconductor layer comprises an outer
portion of the first semiconductor structure grown on the
inner portion.

21. The device of claim 19 wherein a total width of the first
semiconductor structure including the first threshold voltage
control region and the first semiconductor layer is less than
about an amount where volume inversion occurs in the first
semiconductor structure; and

wherein the first semiconductor layer comprises an inner
portion of the first semiconductor structure and the first
threshold voltage control region comprises an outer por-
tion of the first semiconductor structure grown on the
inner portion.

22. The structure of claim 19 wherein the substrate com-

prises a silicon-on-insulator substrate.
23. A Field Effect Transistor (FET) structure, comprising:
a device isolation layer on a substrate;
afin comprising a total width less than about 10 nm, includ-
ing:
an inner portion of the fin extending from the substrate to
protrude from the device isolation layer to provide
upper side walls, a top surface, and a channel region,
the inner portion of the fin being doped with a first
concentration of impurities;

an outer portion of the fin comprising a semiconductor
layer grown on the top surface and on the upper side
walls of the inner portion of the fin, the semiconductor
layer being doped with a second concentration of
impurities that is greater than the first concentration of
impurities; and

a gate structure crossing over the fin opposite the channel
region.
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24. The structure of claim 23 wherein the inner portion
comprises a carrier region of the fin and the outer portion
comprises a threshold voltage control region.

25. The structure of claim 23 wherein the first concentra-
tion of impurities comprises diffused impurities from the
second concentration of impurities.

26. The structure of claim 23 wherein the first concentra-
tion of impurities comprises about 10 percent or less of the
second concentration of impurities.

27. The structure of claim 23 further comprising:

raised source/drain regions adjacent to the fin, the raised
source/drain regions comprising a lattice constant that is
different than respective lattice constants of the inner
and outer portions of the fin.

28. An integrated circuit device comprising a plurality of

Field Effect Transistor (FET) structures, comprising:

a device isolation layer on a substrate;

a first FET structure including a plurality of first fins
extending from the substrate to protrude from the device
isolation layer, the first fins each comprising a threshold
voltage control region of the first FET structure being
doped with a first concentration of impurities and a
carrier region of the first FET structure on the threshold
voltage control region being doped with a second con-
centration of impurities that is less than the first concen-
tration of impurities; and

a gate structure crossing over the plurality of first fins.

29. The device of claim 28 further comprising:

a second FET structure, spaced apart from the first FET
structure, including a single fin extending from the sub-
strate to protrude from the device isolation layer, the
single fin comprising a threshold voltage control region
of the second FET structure being doped with the first
concentration of impurities and a carrier region of the
second FET structure on the threshold voltage control
region being doped with the second concentration of
impurities, the gate structure crossing over the single fin.

30. The device of claim 28 further comprising:

a second FET structure, spaced apart from the first FET
structure, including a plurality of second fins extending
from the substrate to protrude from the device isolation
layer, the second fins each comprising a threshold volt-
age control region of the second FET structure being
doped with the first concentration of impurities and a
carrier region of the second FET structure on the thresh-
old voltage control region being doped with the second
concentration of impurities, the gate structure crossing
over the plurality of second fins,
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wherein a first number of fins included in the plurality of
first fins is different than a second number of fins
included in the plurality of second fins.

31. The device of claim 28 wherein respective total widths
of the first fins are greater than about an amount where vol-
ume inversion occurs in the first fins;

wherein each of the threshold voltage control regions com-

prises a respective inner portion of the first fins and each
of the carrier regions comprises a respective outer por-
tion of the first fins, grown on the inner portions.

32. The device of claim 31 wherein the second concentra-
tion of impurities comprises about 10 percent or less of the
first concentration of impurities.

33. The device of claim 26 wherein respective total widths
of the first fins are less than an amount where volume inver-
sion occurs in the first fins; and

wherein each of the carrier regions comprises a respective

inner portion of the first fins and each of the threshold
voltage control regions comprises a respective outer por-
tion of the first fins, grown on the inner portions.

34. The device of claim 33 wherein the second concentra-
tion of impurities comprises diffused impurities from the first
concentration of impurities.

35. The device of claim 33 wherein the second concentra-
tion of impurities comprises about 10 percent or less of the
first concentration of impurities.

36. A Field Effect Transistor (FET) structure, comprising:

a device isolation layer on a substrate; and

an active semiconductor layer extending from the substrate

to protrude from the device isolation layer, the active
semiconductor layer comprising a threshold voltage
control region of the FET structure being doped with a
first concentration of impurities and a carrier region of
the FET structure on the threshold voltage control region
being doped with a second concentration of impurities
that is less than the first concentration of impurities.

37. The structure of claim 36 wherein the active semicon-
ductor layer comprises an omega shaped silicon structure
including upper side walls and a neck portion that is narrower
than a width of the omega shaped silicon structure across the
upper side walls.

38. The structure of claim 36 wherein the active semicon-
ductor layer comprises a gate-all-around structure.

39. The structure of claim 38 wherein the gate-all-around
structure comprises a nanowire structure comprising a width
less than about 10 nm.
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