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METHODS OF FABRICATING A
SEMICONDUCTOR DEVICE USING A SELECTIVE
EPITAXIAL GROWTH TECHNIQUE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present application is a continuation-in-part of
U.S. patent application Ser. No. 11/154,236, filed Jun. 16,
2005, which claims priority from Korean Patent Application
No. 10-2004-0045157, filed Jun. 17, 2004. The present
application further claims priority from Korean Patent
Application No.10-2005-0010272, filed Feb. 3, 2005. The
disclosures of all of the above applications are incorporated
herein by reference in their entirety.

BACKGROUND OF THE INVENTION
[0002]

[0003] The present invention relates to semiconductor
processes and semiconductor devices fabricated using the
same and, more particularly, to methods of selectively
forming an epitaxial semiconductor layer on a single crys-
talline semiconductor and semiconductor devices fabricated
using the same.

[0004] 2. Description of the Related Art

[0005] Metal oxide semiconductor (MOS) transistors are
widely employed in semiconductor devices. As semicon-
ductor devices become more highly integrated, MOS tran-
sistors have become scaled down is size. In particular, in
order to implement high-performance semiconductor
devices, channel lengths of the MOS transistors have
become reduced. However, as the channel length is reduced,
the short channel effect becomes more and more of a
problem in MOS transistors. Accordingly, in order to miti-
gate the effects of the short channel effect, junction depths of
source and drain regions of the MOS transistors should also
be reduced. In other words, in order to fabricate high
performance MOS transistors, methods of forming shallow
source and drain regions are required. However, such shal-
low source and drain regions may lead to an increase of
on-resistance of the MOS transistors, and increase of the
on-resistance may in turn degrade current drivability of the
MOS transistors.

[0006] In recent years, elevated source/drain structures
have been proposed to improve current drivability and the
short channel effect of the MOS transistors. In order to
fabricate the elevated source/drain structure, a selective
epitaxial growth technique has been widely used.

1. Field of the Invention

[0007] The selective epitaxial growth technique is dis-
closed in U.S. Pat. No. 6,429,084 B1 to Park et al., entitled
“MOS transistors with raised sources and drains”. Accord-
ing to Park et al, a gate capping insulating layer is formed
on a gate electrode. The gate capping insulating layer
prevents an epitaxial semiconductor layer from being
formed on the gate electrode while the epitaxial semicon-
ductor layer is formed on the source and drain regions. As
a result, a complicated process is required in order to form
a metal silicide layer on the gate electrode in a subsequent
process.

[0008] Furthermore, a method of forming the elevated
source and drain regions is disclosed in US Patent Publica-
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tion No. 2002/0034864 Al to Mizushima et al., entitled
“Semiconductor device and method of fabricating the
same”. According to Mizushima et al, an amorphous silicon
layer is formed on an entire surface of a semiconductor
substrate having a polysilicon gate electrode and single
crystalline source/drain regions using a blanket deposition
technique. The amorphous silicon layer is crystallized using
a solid phase epitaxial (SPE) technique. As a result, elevated
single crystalline source/drain regions are formed only on
the single crystalline source/drain regions, and the amor-
phous silicon layer (or a polycrystalline silicon layer) still
remains on the polysilicon gate electrode.

[0009] The amorphous silicon layer or the polycrystalline
silicon layer formed on the gate electrode is selectively
removed using a HCI gas. The single crystalline silicon layer
on the source/drain regions is formed using a single step of
the SPE process. In this case, when the SPE process time is
increased to the increase in the thickness of the single
crystalline silicon layer on the source/drain regions, the
single crystalline silicon layer on the source/drain regions
grows in a lateral direction. Accordingly, the single crystal-
line silicon layer may also be formed on an isolation layer
adjacent the source/drain regions. Therefore, when the width
of the isolation layer is reduced in order to realize highly
integrated semiconductor devices, an electrical shortage
may occur between adjacent source/drain regions.

[0010] In addition, methods of fabricating a MOS transis-
tor having a strained channel using the selective epitaxial
growth technique are disclosed in U.S. Pat. No. 6,605,498 to
Murthy et al., entitled “Semiconductor Transistor Having a
Backfilled Channel Material”. According to Murthy et al., a
semiconductor substrate at both sides of a channel region is
etched to form recesses, and the recesses are filled with a
semiconductor material having a lattice constant that is
different from that of the channel region using the selective
epitaxial growth technique. Consequently, tensile stress or
compressive stress may be applied to the channel region,
thereby changing the mobility of carriers in the channel
region. In this case, an epitaxial layer on sidewalls of the
recesses may be excessively grown to cover a sidewall of a
gate pattern on the channel region. As a result, the epitaxial
layer formed in the recesses may have an uneven surface
profile.

SUMMARY OF THE INVENTION

[0011] The present invention is directed to semiconductor
processes and devices in which an epitaxial layer is selec-
tively formed on a single crystalline semiconductor in a
manner which addresses the limitations incurred in the
prior-art approaches discussed above.

[0012] In one aspect, the present invention is directed to a
method of fabricating a semiconductor device. A non-single
crystalline semiconductor pattern is formed on a single
crystalline semiconductor substrate. An insulating spacer is
formed on side walls of the non-single crystalline semicon-
ductor pattern. The substrate with the insulating spacer is
loaded into a reaction chamber. A main semiconductor
source gas and a main etching gas are injected into the
reaction chamber to selectively grow a single crystalline
epitaxial semiconductor layer and a non-single crystalline
epitaxial semiconductor layer on the single crystalline semi-
conductor substrate and the non-single crystalline semicon-
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ductor pattern, respectively. A selective etching gas is
injected into the reaction chamber to selectively remove the
non-single crystalline epitaxial semiconductor layer on the
non-single crystalline semiconductor pattern. The main
gases and the selective etching gas are alternately and
repeatedly injected at least two times to selectively form an
elevated single crystalline semiconductor layer having a
desired thickness only on the single crystalline semiconduc-
tor substrate.

[0013] In some embodiments, the single crystalline semi-
conductor substrate may be a single crystalline silicon
substrate, a single crystalline germanium substrate, a single
crystalline silicon germanium substrate, a single crystalline
silicon carbide substrate or a semiconductor on insulator
(SOI) substrate having one layer thereof.

[0014] In other embodiments, the non-single crystalline
semiconductor pattern may be formed of an amorphous
semiconductor layer or a polycrystalline semiconductor
layer. The amorphous semiconductor layer or the polycrys-
talline semiconductor layer may be a silicon layer, a ger-
manium layer, a silicon germanium layer or a silicon carbide
layer.

[0015] In yet other embodiments, impurity ions may be
implanted into the single crystalline semiconductor substrate
using the non-single crystalline semiconductor pattern and
the insulating spacer as ion implantation masks before the
substrate is loaded into the reaction chamber. The substrate
having the impurity ions is annealed to form an activated
single crystalline impurity region.

[0016] In still other embodiments, a surface of the sub-
strate having the insulating spacer may be cleaned before the
substrate is loaded into the reaction chamber.

[0017] In yet still other embodiments, an in-situ cleaning
gas may be injected into the reaction chamber prior to
injection of the main semiconductor source gas and the main
etching gas. The in-situ cleaning gas may be a hydrogen gas.

[0018] In further embodiments, an initial semiconductor
source gas and an initial etching gas may be injected into the
reaction chamber prior to injection of the main semiconduc-
tor source gas and the main etching gas, thereby selectively
forming an initial single crystalline epitaxial semiconductor
layer and an initial non-single crystalline epitaxial semicon-
ductor layer on the single crystalline semiconductor sub-
strate and the non-single crystalline semiconductor pattern
respectively. The selective etching gas may remove the
non-single crystalline epitaxial semiconductor layer and
etch the initial non-single crystalline epitaxial semiconduc-
tor layer. The initial semiconductor source gas and the initial
etching gas may be injected with a dopant gas. The initial
semiconductor source gas may be the same as the main
semiconductor source gas, and the initial etching gas may be
the same as the main etching gas.

[0019] In yet further embodiments, the main semiconduc-
tor source gas may be one of a silicon source gas, a
germanium source gas, a silicon germanium source gas and
a silicon carbide source gas. The silicon source gas may be
one of a silane (SiH,) gas, a disilane (Si,H,) gas, a dichlo-
rosilane (SiH,Cl,) gas, a SiHCI; gas and a SiCl, gas, and the
germanium source gas may be a GeH,gas. The silicon
germanium source gas may comprise the silicon source gas
and the germanium source gas. In addition, the silicon
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carbide source gas may comprise the silicon source gas and
a carbon source gas. The carbon source gas may be a C,Hy
gas or a CH;SiH; gas.

[0020] In still further embodiments, the main etching gas
and the selective etching gas may contain halogen elements
which react with atoms of the epitaxial semiconductor layer.
The main etching gas and the selective etching gas contain-
ing the halogen elements may be a HCI gas, a Cl, gas or a
diluted HCI gas. The diluted HCI gas may be a mixture of
a HCI gas and a hydrogen gas.

[0021] In yet still further embodiments, the main semi-
conductor source gas and the main etching gas may be
injected with a dopant gas.

[0022] Insome further embodiments, a first purge gas may
be injected into the reaction chamber prior to injection of the
selective etching gas, and a second purge gas may be
injected into the reaction chamber after injection of the
selective etching gas. The first and second purge gases may
be a hydrogen gas.

[0023] In another aspect of the present invention, the
invention is directed to methods of fabricating a metal oxide
semiconductor (MOS) transistor having elevated source/
drain regions using a selective epitaxial growth technique.
The methods include forming an isolation layer in a prede-
termined region of a single crystalline semiconductor sub-
strate to define an active region. An insulated gate electrode
is formed on the active region. The gate electrode is formed
of a non-single crystalline semiconductor layer. An insulat-
ing gate spacer is formed on sidewalls of the non-single
crystalline gate electrode. The substrate having the gate
spacer is loaded into a reaction chamber. A main semicon-
ductor source gas and a main etching gas are injected into
the reaction chamber to selectively form a non-single crys-
talline epitaxial semiconductor layer and a single crystalline
epitaxial semiconductor layer on the gate electrode and the
active region respectively. A selective etching gas is injected
into the reaction chamber to selectively remove the non-
single crystalline epitaxial semiconductor layer on the non-
single crystalline gate electrode. The main gases and the
selective etching gas are alternately and repeatedly injected
at least two times to selectively form elevated single crys-
talline source/drain regions having a desired thickness only
on the active regions adjacent to the gate electrode.

[0024] 1In yet other aspects of the present invention, the
invention is directed to semiconductor devices and MOS
transistors fabricated by the above-mentioned methods.

[0025] Yet other aspects of the invention provide methods
of fabricating a MOS transistor having a strained channel.

[0026] In one aspect, the present invention is directed to a
method of fabricating a semiconductor device, comprising:
forming a recess in a semiconductor substrate; loading the
substrate having the recess into a reaction chamber; injecting
a semiconductor source gas and a main etching gas into the
reaction chamber to selectively grow an epitaxial semicon-
ductor layer on a sidewall and on a bottom surface of the
recess; and injecting a selective etching gas into the reaction
chamber to selectively etch a fence of the epitaxial semi-
conductor layer adjacent to the sidewall of the recess and
grown to a level that is higher than an upper surface of the
semiconductor substrate.
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[0027] In one embodiment, the method further comprises
alternately and repeatedly performing the injection of the
semiconductor source gas and the main etching gas and the
injection of the selective etching gas at least once, thereby
forming a final epitaxial semiconductor layer that fills the
recess and has a substantially flat top surface.

[0028] In another embodiment, the semiconductor sub-
strate is a single crystalline silicon substrate, a single crys-
talline germanium substrate, a single crystalline silicon
germanium substrate, a single crystalline silicon carbide
substrate, or a silicon-on-insulator (SOI) substrate having
any one layer thereof.

[0029] In another embodiment, forming the recess
includes selectively anisotropically etching a predetermined
region of the semiconductor substrate.

[0030] In another embodiment, the semiconductor source
gas is a silicon source gas, a germanium source gas, a silicon
germanium source gas, or a silicon carbide source gas.

[0031] In another embodiment, the main etching gas and
the selective etching gas are gases containing halogen ele-
ments reacting with atoms of the epitaxial semiconductor
layer.

[0032] In another embodiment, each of the main etching
gas and the selective etching gas is a hydrogen chloride
(HCl) gas, a chlorine (Cl,) gas or a sulfur hexafluoride (SFy)
gas. In another embodiment, each of the main etching gas
and the selective etching gas further contains at least one of
a hydrogen (H,) gas, an argon (Ar) gas, a nitrogen (N,) gas,
an oxygen (O,) gas or a helium (He) gas.

[0033] In another embodiment, the method further com-
prises: injecting a first purge gas into the reaction chamber
prior to injection of the selective etching gas; and injecting
a second purge gas into the reaction chamber after injection
of'the selective etching gas. In another embodiment, the first
and second purge gases are hydrogen gases.

[0034] In another embodiment, the epitaxial semiconduc-
tor layer is formed of a semiconductor material having a
lattice constant that is different than a lattice constant of the
semiconductor substrate.

[0035] In another aspect, the present invention is directed
to a method of fabricating a metal oxide semiconductor
(MOS) transistor, comprising: forming a gate pattern on a
semiconductor substrate; forming an insulating spacer on
sidewalls of the gate pattern; forming recesses in the semi-
conductor substrate at both sides of the gate pattern; loading
the substrate having the recesses into a reaction chamber;
injecting a semiconductor source gas and a main etching gas
into the reaction chamber to selectively grow epitaxial
semiconductor layers on sidewalls and on bottom surfaces of
the recesses; and injecting a selective etching gas into the
reaction chamber to selectively etch fences of the epitaxial
semiconductor layer adjacent to the sidewalls of the recesses
and grown to a level that is higher than an upper surface of
the semiconductor substrate.

[0036] In one embodiment, the method further comprises:
alternately and repeatedly performing the injection of the
semiconductor source gas and the main etching gas and the
injection of the selective etching gas at least once to form
final epitaxial semiconductor layers that fill the recesses and
have substantially flat top surfaces.
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[0037] In another embodiment, the final epitaxial semi-
conductor layers are formed to fill the recesses and have top
surfaces that are higher than the upper surface of the
semiconductor substrate.

[0038] In another embodiment, the method further com-
prises: after formation of the final epitaxial semiconductor
layers, implanting impurity ions into the final epitaxial
semiconductor layers using the gate pattern and the insulat-
ing spacer as ion implantation masks to form source/drain
regions.

[0039] In another embodiment, the fences of the epitaxial
semiconductor layers are grown to cover a lower side
portion of the insulating spacer.

[0040] In another embodiment, the semiconductor sub-
strate is a single crystalline silicon substrate, a single crys-
talline germanium substrate, a single crystalline silicon
germanium substrate, a single crystalline silicon carbide
substrate, or a silicon-on-insulator (SOI) substrate having
any one layer thereof.

[0041] In another embodiment, forming the recesses
includes anisotropically etching the semiconductor substrate
using the gate pattern and the insulating spacers as etch
masks.

[0042] In another embodiment, the semiconductor source
gas is a silicon source gas, a germanium source gas, a silicon
germanium source gas, or a silicon carbide source gas.

[0043] In another embodiment, the main etching gas and
the selective etching gas are gases containing halogen ele-
ments reacting with atoms of the epitaxial semiconductor
layer. In another embodiment, each of the main etching gas
and the selective etching gas is a hydrogen chloride (HCI)
gas, a chlorine (Cl,) gas or a sulfur hexafluoride (SFy) gas.
In another embodiment, each of the main etching gas and the
selective etching gas further contains at least one of a
hydrogen (H,) gas, an argon (Ar) gas, a nitrogen (N,) gas,
an oxygen (O,) gas or a helium (He) gas.

[0044] In another embodiment, the semiconductor source
gas and the main etching gas are injected along with a
dopant gas.

[0045] In another embodiment, the method further com-
prises: injecting a first purge gas into the reaction chamber
prior to injection of the selective etching gas; and injecting
a second purge gas into the reaction chamber after injection
of the selective etching gas.

[0046] In another embodiment, the first and second purge
gases are hydrogen gases.

[0047] In another embodiment, the epitaxial semiconduc-
tor layer is formed of a semiconductor material having a
lattice constant different than that of a lattice constant of the
semiconductor substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0048] The foregoing and other objects, features and
advantages of the invention will be apparent from the more
particular description of preferred embodiments of the
invention, as illustrated in the accompanying drawings. The
drawings are not necessarily to scale, emphasis instead
being placed upon illustrating the principles of the inven-
tion.
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[0049] FIGS. 1A and 1B are process flow charts illustrat-
ing methods of forming a selective epitaxial semiconductor
layer in accordance with embodiments of the present inven-
tion.

[0050] FIGS. 2 to 5 are cross-sectional views illustrating
methods of fabricating MOS transistors using selective
epitaxial growth technique in accordance with embodiment
of the present invention.

[0051] FIGS. 6 to 11 are cross-sectional views to illustrate
methods of fabricating a MOS transistor having a strained
channel using a selective epitaxial growth technique in
accordance with embodiments of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

[0052] The present invention will now be described more
fully hereinafter with reference to the accompanying draw-
ings, in which preferred embodiments of the invention are
shown. This invention may, however, be embodied in dif-
ferent forms and should not be construed as limited to the
embodiments set forth herein. In the drawings, the thickness
of layers and regions are exaggerated for clarity. Like
numbers refer to like elements throughout the specification.

[0053] FIGS. 1A and 1B are process flow charts illustrat-
ing a selective epitaxial growth process in accordance with
embodiments of the present invention, and FIGS. 2 to 5 are
cross-sectional views illustrating methods of fabricating
MOS transistors using the selective epitaxial growth tech-
nique in accordance with embodiment of the present inven-
tion.

[0054] Referring to FIGS. 1A, 1B and 2, a single crys-
talline semiconductor substrate 51 is prepared (step 1 of
FIG. 1A). The single crystalline semiconductor substrate 51
can be, for example, a single crystalline semiconductor
wafer or a semiconductor on insulator (SOI) substrate hav-
ing a single crystalline semiconductor body layer. The single
crystalline semiconductor body layer comprises, for
example, a single crystalline silicon layer, a single crystal-
line germanium layer or a single crystalline SiGe layer, and
the single crystalline semiconductor wafer may be a single
crystalline silicon wafer, a single crystalline germanium
wafer or a single crystalline SiGe layer. In the embodiments
described herein, it is assumed that the single crystalline
semiconductor substrate 51 is a single crystalline silicon
wafer for the purpose of simplicity-in description.

[0055] An isolation layer 53 is formed in a predetermined
region of the semiconductor substrate 51 to define an active
region. The isolation layer 53 may be formed using a typical
trench isolation technique. A gate insulating layer 55 is
formed on the active region, and a non-single crystalline
semiconductor layer, i.e., a gate conductive layer is formed
on the substrate 51 having the gate insulating layer 55. The
non-single crystalline semiconductor layer can be formed,
for example, of an amorphous silicon layer or a polycrys-
talline silicon layer. The non-single crystalline semiconduc-
tor layer is patterned to form a non-single crystalline semi-
conductor pattern, i.e., a non-single crystalline gate
electrode 57 which spans the active region (step 3 of FIG.
1A). In this case, the gate insulating layer 55 may also be
etched to expose a surface of the active region adjacent to
the gate electrode 57. The gate electrode 57 and the gate
insulating layer 55 under the gate electrode 57 constitute a
gate pattern 58.
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[0056] Impurity ions are implanted into the active region
using the non-single crystalline gate electrode 57 as an ion
implantation mask to form a low concentration impurity
regions 59. The low concentration impurity region 59 is
formed by implanting impurity ions having a different
conductivity type from that of the semiconductor substrate
51. For example, when the semiconductor substrate 51 is a
P type silicon substrate, the low concentration impurity
regions 59 may be formed by implanting N type impurity
ions. An insulating spacer layer, i.e., a gate spacer layer, is
formed on an entire surface of the substrate having the low
concentration impurity regions 59. The insulating spacer
layer may be formed by sequentially stacking a silicon oxide
layer and a silicon nitride layer. The insulating spacer layer
is anisotropically etched to form an insulating spacer 64, i.e.,
a gate spacer on sidewalls of the gate pattern 58. As a result,
the insulating spacer 64 is formed to have an inner oxide
spacer 61 and an outer nitride spacer 63.

[0057] Impurity ions are implanted into the active region
using the non-single crystalline gate electrode 57, the insu-
lating spacer 64 and the isolation layer 53 as ion implanta-
tion masks to form source/drain regions 65. The source/drain
regions 65 are formed by implanting impurity ions having
the same conductivity type as that of the low concentration
impurity regions 59. In addition, the source/drain regions 65
are formed to have an impurity concentration higher than
that of the low concentration impurity region 59. As a result,
lightly doped drain (LDD) type source/drain regions are
formed at both sides of the gate electrode 57. A typical
thermal treatment process is carried out after the ion implan-
tation process for forming the source/drain regions 65,
thereby activating the impurity ions in the source/drain
regions 65. Accordingly, the activated source/drain regions
65 have the same single crystalline structure as that of the
semiconductor substrate 51.

[0058] Referring to FIGS. 1A, 1B and 3, the surface of the
substrate having the source/drain regions 65 is cleaned to
remove a native oxide layer and contaminants on the source/
drain regions 65 and the gate electrode 57 (step 5 of FIG.
1A). The cleaning may be carried out using a dry cleaning
process or a wet cleaning process. The cleaned substrate is
loaded into a reaction chamber of an epitaxial apparatus
(step 7 of FIG. 1A). An “N” value allocated in a first register
of'a controller of the epitaxial apparatus is initialized to “O”,
where N is related to the number of process cycles that have
taken place. Also, a “K” value allocated in a second register
thereof is set to a desired number of process cycles (step 9
of FIG. 1A).

[0059] Subsequently, air in the reaction chamber is evacu-
ated using a vacuum pump to control the pressure in the
reaction chamber to a lower pressure than 1 atmosphere
(step 11 of FIG. 1A). The semiconductor substrate in the
reaction chamber is then heated to a predetermined tem-
perature (step 13 of FIG. 1A). A surface of the heated
substrate, in particular, the surface of the gate electrode 57
and the surfaces of the source/drain regions 65 are cleaned
using an in-situ cleaning process (step 15 of FIG. 1B). The
in-situ cleaning process is, for example, carried out by
injecting a cleaning gas into the reaction chamber. A hydro-
gen gas may be employed as the cleaning gas, and the in-situ
cleaning process may be performed at a temperature of
about 700° C. to about 950° C. The hydrogen gas reduces a
native oxide layer, which is generated on the surfaces of the
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source/drain regions 65 and the surface of the gate electrode
57. As a result, the in-situ cleaning process removes the
native oxide layers on the source/drain regions 65 and the
gate electrode 57.

[0060] After the in-situ cleaning process is finished, an
initial semiconductor source gas and an initial etching gas
are injected into the reaction chamber (step 17 of FIG. 1B).
The initial semiconductor source gas and the initial etching
gas are, for example, injected for about 5 seconds to about
100 seconds. The initial etching gas selectively etches an
initial epitaxial semiconductor layer which is formed on
insulating layers such as the gate spacer 64 and the isolation
layer 53. A gas containing a halogen element that reacts with
atoms in the initial epitaxial semiconductor layer is prefer-
ably employed as the initial etching gas. For example, the
initial etching gas comprises a HCl gas or a Cl, gas. In
addition, the initial etching gas may optionally be a diluted
HCI gas which is diluted with a hydrogen gas.

[0061] When the initial semiconductor source gas and the
initial etching gas are injected into the reaction chamber, the
initial semiconductor source gas is decomposed by thermal
energy in the reaction chamber. Source atoms decomposed
from the initial semiconductor source gas are bonded to
dangling bonds on the surfaces of the gate electrode 57, the
source/drain regions 65, the gate spacer 64 and the isolation
layer 53. In general, the bonding energy of the semiconduc-
tor atoms adsorbed on the insulating layer is smaller than
that of the semiconductor atoms adsorbed on the semicon-
ductor layer. As a result, the source atoms adsorbed on the
isolation layer 53 and the gate spacer 64 can readily react
with the initial etching gas so that they are selectively
removed. For example, when the initial semiconductor
source gas is a silicon source gas and the initial etching gas
is a HCl gas, Cl atoms of the HCI gas react with silicon
atoms adsorbed on the isolation layer 53 and the gate spacer
64 to generate a by-product such as SiCl,, ie., a gas
compound. The gas compound is evacuated from the reac-
tion chamber. As a result, first and second initial epitaxial
semiconductor layers 66a and 665 are selectively formed on
the gate electrode 57 and the source/drain regions 65,
respectively.

[0062] A dopant gas may be additionally injected during
injection of the initial semiconductor source gas and the
initial etching gas. In particular, when a process of forming
the source/drain regions 65 is omitted, the dopant gas may
be injected during formation of the initial epitaxial semi-
conductor layers 66a and 665. A phosphine (PH,) gas, a
diborane (B,Hg) gas, or an arsine (AsH;) gas can be
employed as the dopant gas. Accordingly, the initial epi-
taxial semiconductor layers 66a and 665 comprise in-situ
doped semiconductor layers.

[0063] The initial epitaxial semiconductor layers 66a and
665 are formed to prevent the gate electrode 57 from being
over-etched due to a high etch selectivity during a subse-
quent epitaxial growth process and a subsequent etching
process to be alternately and repeatedly performed. Thus,
the process of forming the initial epitaxial semiconductor
layers 66a and 665 may be omitted, in accordance to the etch
selectivity of the cyclic process composed of the subsequent
epitaxial growth process and the subsequent etching process.

[0064] The initial epitaxial semiconductor layers 66a and
665 are grown to have the same crystalline structure as the
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material layer under the initial epitaxial semiconductor
layers. That is, the first initial epitaxial semiconductor layer
66a is grown to have an amorphous phase when the gate
electrode 57 is formed of an amorphous silicon layer, and the
first initial epitaxial semiconductor layer 66a is grown to
have a polycrystalline phase when the gate electrode 57 is
formed of a polycrystalline silicon layer.

[0065] In the meantime, the second initial epitaxial semi-
conductor layer 665 on the source/drain regions 65 are
grown to have a single crystalline structure, since the
source/drain regions 65 have a single crystalline structure.

[0066] After injection of the initial semiconductor source
gas and the initial etching gas, a main semiconductor source
gas and a main etching gas are injected into the reaction
chamber (step 19 of FIG. 1B) to form first and second
epitaxial semiconductor layers 67a and 675 on the first and
second initial epitaxial semiconductor layers 66a and 665
respectively. The main semiconductor source gas may be the
same gas as the initial semiconductor source gas, and the
main etching gas may be the same gas as the initial etching
gas. In other words, the growth mechanism of the first and
second epitaxial semiconductor layers 67a and 675 is equal
to that of the first and second initial epitaxial semiconductor
layers 664 and 665, respectively. In addition, injection time
of the main semiconductor source gas and the main etching
gas may be shorter than that of the initial semiconductor
source gas and the initial etching gas. For example, the main
semiconductor source gas and the main etching gas can be
injected for about 5 seconds to about 12 seconds. As a result,
the first and second thin epitaxial semiconductor layers 67a
and 675 are selectively formed on the first and second initial
epitaxial semiconductor layers 66a and 665, respectively. In
addition, the main semiconductor source gas and the main
etching gas can also be injected along with the above-
mentioned dopant gas. In the meantime, even though the
gate electrode 57 is formed of an amorphous semiconductor
layer, the gate electrode 57 may be transformed to a poly-
crystalline semiconductor layer during formation of the first
and second epitaxial semiconductor layers 67a and 675.
This is because the substrate in the reaction chamber is
heated to a temperature higher than about 600° C. during
injection of the main semiconductor source gas and the main
etching gas.

[0067] The initial semiconductor source gas and the main
semiconductor source gas can be determined according to
the type of semiconductor layer to be formed. For example,
in order to have the initial epitaxial semiconductor layer 66a
and 665 and the epitaxial semiconductor layers 67a and 675
formed of silicon layers, a silicon source gas such as a silane
(SiH,) gas, a disilane (Si,H) gas, a dichlorosilane (SiH,Cl,)
gas, a SiHCl; gas or a SiCl, gas can be employed as the
initial semiconductor source gas and the main semiconduc-
tor source gas. In addition, in order to have the initial
epitaxial semiconductor layers 66a and 665 and the epitaxial
semiconductor layers 67a and 675 formed of germanium
layers, a germanium source gas such as a GeH, gas can be
employed as the initial semiconductor source gas and the
main semiconductor source gas. Furthermore, in order to
have the initial epitaxial semiconductor layers 66a and 665
and the epitaxial semiconductor layers 67a and 675 formed
of SiGe layers, a mixture gas of the germanium source gas
and the silicon source gas can be employed as the initial
semiconductor source gas and the main semiconductor
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source gas. Moreover, in order to have the initial epitaxial
semiconductor layers 66a and 665 and the epitaxial semi-
conductor layers 67a and 675 formed of carbide (SiCx)
layers, a mixture gas of the silicon source gas and a carbon
source gas can be used as the initial semiconductor source
gas and the main semiconductor source gas. The carbon
source gas may be, for example, a C,Hy gas or a CH;SiH;
gas.

[0068] The epitaxial silicon layer, the epitaxial germanium
layer, the epitaxial silicon germanium layer and the epitaxial
silicon carbide layer can be formed using the epitaxial
process conditions described in the following tables 1 to 4
respectively.

TABLE 1

Process temperature
Process pressure
Silicon source gas
Main etching gas
P-type dopant gas
N-type dopant gas
Carrier gas

700° C.~900° C.

10 torr~20 torr

SiH,Cl, gas (100 scem~200 scem)
HCI gas (1 scem~100 scem)

B,Hg gas (0 scem~100 scem)

PH; gas (0 sccm~100 sccm)

H, gas (10,000 scem~35,000 scem)

[0069]

TABLE 2

Process temperature
Process pressure
Germanium source gas
Main etching gas
P-type dopant gas
N-type dopant gas
Carrier gas

700° C.~900° C.

10 torr~20 torr

GeH, gas (50 sccm~200 scem)
HCI gas (1 scem~100 scem)

B,Hg gas (0 scem~100 scem)

PH; gas (0 scem~100 scem)

H, gas (10,000 sccm~35,000 scem)

[0070]

TABLE 3

Process temperature
Process pressure
Silicon source gas
Germanium source gas
Main etching gas
P-type dopant gas
N-type dopant gas
Carrier gas

500° C~750° C.

10 torr~20 torr

SiH,Cl, gas (100 scem~200 scem)
GeH, gas (50 scem~200 scem)
HCI gas (1 scem~100 scem)

B,Hg gas (0 scem~100 scem)

PH; gas (0 sccm~100 sccm)

H, gas (10,000 scem~35,000 scem)

[0071]

TABLE 4

Process temperature
Process pressure
Silicon source gas
Carbon source gas
Main etching gas
P-type dopant gas
N-type dopant gas
Carrier gas

650° C.~850° C.

10 torr~20 torr

SiH,Cl, gas (100 sccm~200 scem)
CH;SiH; gas (5 scem~50 scem)
HCI gas (1 scem~100 scem)

B,Hg gas (0 scem~100 scem)

PH; gas (0 sccm~100 sccm)

H, gas (10,000 scem~35,000 scem)

[0072] After the main semiconductor source gas and the
main etching gas are injected, a first purge gas can be
injected into the reaction chamber (step 21 of FIG. 1B). The
first purge gas may comprise, for example, a hydrogen gas.
The first purge gas, i.e., the hydrogen gas, not only exhausts
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process gases remaining in the reaction chamber but also
removes the native oxide layer and/or contaminants on the
surfaces of the first and second epitaxial semiconductor
layers 67a and 67b.

[0073] After the first purge gas is injected, a selective
etching gas is injected into the reaction chamber to remove
the first epitaxial semiconductor layer 67a (step 23 of FIG.
1B). The selective etching gas preferably contains a halogen
element which reacts with atoms of the epitaxial semicon-
ductor layers 67a and 67h. For example, the selective
etching gas may be a HCI gas or a Cl, gas. In addition, the
selective etching gas may be a diluted HCl gas which is
diluted with a hydrogen gas. The selective etching process
can be carried out, for example, using the process conditions
described in the following table 5.

TABLE 5

600° C.~800° C.

5 torr~760 torr

HCI gas (10 scem~15,000 scem)
H, gas (500 scem~35,000 scem)

Process temperature
Process pressure
Selective etching gas
Carrier gas

[0074] Chloric atoms of the selective etching gas react
with silicon atoms of the epitaxial semiconductor layers 67a
and 67b to generate a SiCl, gas. In particular, when the
selective etching process is carried out, an etch rate of the
first epitaxial semiconductor layer 67a is higher than that of
the second epitaxial semiconductor layer 67b. This is
because the first epitaxial semiconductor layer 67a is a
polycrystalline semiconductor layer and the second epitaxial
semiconductor layer 675 is a single crystalline semiconduc-
tor layer. Such an etch selectivity will be described in detail
below with reference to FIG. 4.

[0075] Referring to FIG. 4, the first epitaxial semiconduc-
tor layer 67a has an uneven surface 101a whereas the second
epitaxial semiconductor layer 675 has a flat surface 1015.
The uneven surface 101a is a result of grains of the first
epitaxial semiconductor layer 67a. When the selective etch-
ing gas is supplied to surfaces of the first and second
epitaxial semiconductor layers 67a and 675, silicon atoms of
grain boundary regions GB of the first epitaxial semicon-
ductor layer 67a readily react with the chloric atoms of the
selective etching gas. As a result, the grain boundary regions
GB are recessed and the grains are also laterally etched. On
the contrary, the reaction rate of the second epitaxial semi-
conductor layer 675 and the selective etching gas may be
relatively slow since the second epitaxial semiconductor
layer 675 is a single crystalline semiconductor layer having
a flat surface. As a result, the etch rate of the first epitaxial
semiconductor layer 67a is higher than that of the second
epitaxial semiconductor layer 675.

[0076] When the selective etching process is carried out
under appropriate conditions as mentioned above, a portion
of the second epitaxial semiconductor layer 675 may still
remain even though the first epitaxial semiconductor layer
67a is completely removed and the first initial epitaxial
semiconductor layer 66a is etched.

[0077] A second purge gas is injected into the reaction
chamber after the selective etching process is carried out
(step 25 of FIG. 1B). The second purge gas may optionally
be the same gas as the first purge gas.

TSMC Exhibit 1006, Page 14 of 18



US 2006/0088968 Al

[0078] Referring to FIGS. 1B and 5, the value of “N” is
incremented by 1 after injection of the first purge gas (step
27 of FIG. 1B). The incremented value of “N” is then
compared with the value of “K” (step 29 of FIG. 1B). The
process of injecting the main gases, the first purge process,
the selective etching process and the second purge process
may be sequentially and repeatedly carried out until the
value of “N” is equal to the value of “K”, thereby forming
elevated single crystalline epitaxial semiconductor layers 67
having a desired thickness, i.e., elevated single crystalline
source/drain regions 67 on the single crystalline source/drain
regions 65, while at the same time exposing the gate
electrode 57. In the event that the process of forming the
source/drain regions 65 is omitted, the elevated single crys-
talline source/drain regions 67 may be formed of an in-situ
doped epitaxial semiconductor layer. In this case, impurities
in the in-situ doped epitaxial semiconductor layer are dif-
fused during a subsequent thermal process to form impurity
regions that correspond to the source/drain regions 67. A
metal silicide layer 69 can optionally be formed on the gate
electrode 57 and the elevated single crystalline source/drain
regions 67 using a conventional self-aligned silicide (sali-
cide) technique.

[0079] In accordance with embodiments of the present
invention as mentioned above, an elevated single crystalline
epitaxial semiconductor layer is selectively formed on a
single crystalline semiconductor. Also, formation of the
epitaxial semiconductor layer on non-single crystalline
semiconductor regions of the device, for example on the
surfaces of the gate electrode 57, the gate spacer 64, and the
isolation layer 53 Is suppressed.

[0080] FIGS. 6 to 11 are cross-sectional views to illustrate
methods of fabricating a MOS transistor having a strained
channel using a formation method of a selective epitaxial
semiconductor layer in accordance with exemplary embodi-
ments of the present invention.

[0081] Referring to FIG. 6, a semiconductor substrate 100
is provided. The semiconductor substrate 100 comprises, for
example, a single crystalline silicon substrate, a single
crystalline germanium substrate, a single crystalline silicon
germanium substrate, a single crystalline silicon carbide
substrate, or an SOI (silicon on insulator) substrate having
any one layer thereof. An isolation layer 102 is formed in a
predetermined region of the semiconductor substrate 100 to
define an active region 102a. The isolation layer 102 may be
formed using a typical trench isolation technique. Agate
insulating layer 104 is formed on a main surface 100s of the
substrate having the isolation layer 102, and a gate conduc-
tive layer and a capping insulating layer are sequentially
formed on the substrate having the gate insulating layer 104.
The gate conductive layer may be formed of a polysilicon
layer, and the capping insulating layer may be formed of a
silicon nitride layer. The capping insulating layer and the
gate conductive layer are patterned to form a gate pattern
110 which lies over the active region 102a. In this case, the
gate insulating layer 104 may also be etched to expose the
upper surface 100s of the semiconductor substrate adjacent
to the gate pattern 110, i.e., an upper surface of the active
region 102a. Thus, the gate pattern 110 may comprise the
gate insulating layer 104, a gate electrode 106, and a capping
layer pattern 108 which are sequentially stacked.

[0082] Referring to FIG. 7, impurity ions are implanted
into the active region 1024 using the gate pattern 110 as an

Apr. 27, 2006

ion implantation mask, thereby forming low concentration
impurity regions 112. The low concentration impurity
regions 112 are formed by implanting impurity ions having
a conductivity type that is opposite to that of the semicon-
ductor substrate 100. For example, when the semiconductor
substrate 100 is a P-type silicon substrate, the low concen-
tration impurity regions 112 may be formed by implanting
N-type impurity ions. An insulating spacer layer, i.e., a gate
spacer layer, is formed on an entire surface of the substrate
having the low concentration impurity regions 112. The
insulating spacer layer may be formed by sequentially
stacking a silicon oxide layer and a silicon nitride layer. The
insulating spacer layer is anisotropically etched to form an
insulating spacer 118 on a sidewall of the gate pattern 110.
Consequently, the insulating spacer 118 may be formed to
have an inner oxide spacer 114 and an outer nitride spacer
116.

[0083] Referring to FIG. 8, the semiconductor substrate
100 is anisotropically etched using the gate pattern 110, the
insulating spacer 118 and the isolation layer 102 as etch
masks to form recesses 120 having a predetermined depth
from the main surface 100s of the semiconductor substrate
100. As shown in FIG. 8, the recesses 120 may be self-
aligned to the insulating spacer 118 and the isolation layer
102. In addition, the recesses 120 may have bottom surfaces
120a and sidewalls 1205. The sidewalls 1206 may be
self-aligned with the insulating spacer 118.

[0084] Referring to FIG. 9, epitaxial semiconductor layers
122 are selectively formed in the recesses 120 using the
same methods as the processing steps 5, 7, 9, 11, 13, 15, 17
and 19 shown above in FIGS. 1A and 1B. The epitaxial
semiconductor layers 122 may be formed of a semiconduc-
tor material having a different lattice constant from that of
the semiconductor substrate 100. For example, when the
semiconductor substrate region 100 between the low con-
centration impurity regions 112 is a P-type silicon substrate
operating as a channel region of an NMOS transistor, the
epitaxial semiconductor layers 122 may be formed of a
semiconductor material having a lattice constant that is less
than that of a lattice constant of the silicon substrate, e.g., a
silicon carbide layer (SiC). In this case, tensile stress is
applied to the silicon substrate between the low concentra-
tion impurity regions 112, thereby increasing the mobility of
electrons that operate as carriers of the NMOS transistor. On
the contrary, when the portion of the semiconductor sub-
strate 100 between the low concentration impurity regions
112 is an N-type silicon substrate operating as a channel
region of a PMOS transistor, the epitaxial semiconductor
layers 122 may be formed of a semiconductor material
having a lattice constant that is greater than that of a lattice
constant of the silicon substrate, e.g., a silicon germanium
(SiGe) layer or a germanium (Ge) layer. In this case,
compressive stress is applied to the silicon substrate between
the low concentration impurity regions 112, thereby increas-
ing the mobility of holes that operate as carriers of the
PMOS transistor.

[0085] The epitaxial semiconductor layers 122 may be
excessively grown to cover lower regions of the insulating
spacers 118, which are adjacent to the recesses 120. Con-
sequently, the epitaxial semiconductor layers 122 may be
formed to have fence regions, or fences F, covering the
lower regions of the insulating spacers 118, as shown in
FIG. 9. This is because the portions of the epitaxial semi-
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conductor layers 122 adjacent to the isolation layer 102 are
grown only upward from the bottom surfaces 120qa, whereas
the epitaxial semiconductor layers 122 adjacent to the insu-
lating spacers 118 are simultaneously grown vertically and
laterally from the sidewalls 1206 as well as the bottom
surfaces 120a. That is, the fences F are formed due to lateral
growth from the sidewalls 1205. The fences F may cause an
abnormal impurity profile of source/drain regions to be
formed in a subsequent ion implantation process, which, in
turn, can degrade the electrical characteristics of the MOS
transistor.

[0086] After formation of the epitaxial semiconductor
layers 122, a first purge gas may be injected into the reaction
chamber (step 21 in FIG. 1B). The first purge gas comprises
for example, a hydrogen gas. The first purge gas, i.e., the
hydrogen gas, purges process gases remaining in the reac-
tion chamber and removes native oxide layers and contami-
nants from surfaces of the epitaxial semiconductor layers
122.

[0087] Referring to FIG. 10, after injection of the first
purge gas, a selective etching gas 124 is injected into the
reaction chamber to selectively etch the fences F of the
epitaxial semiconductor layers 122 (step 23 in FIG. 1B).
Consequently, entire outer walls of the insulating spacers
118 may become exposed. The selective etching gas 124 can
be the same gas as the selective etching gas described with
reference to FIGS. 3 and 4. That is, the selective etching gas
124 may be a hydrogen chloride (HCI) gas, a chlorine (Cl,)
gas, or a sulfur hexafluoride (SFy) gas. In addition, the
selective etching gas 124 may further contain a dilute gas
such as a hydrogen (H,) gas, an argon (Ar) gas, a nitrogen
(N,) gas, an oxygen (O,) gas or a helium (He) gas. In one
embodiment, the selective etching gas 124 is injected into
the reaction chamber for about 5 seconds to about 100
seconds. When the upper surface 100s of the semiconductor
substrate 100 has a (100) plane orientation, the epitaxial
semiconductor layers 122 growing from the bottom surfaces
120a may be grown to have the (100) plane orientation
whereas the epitaxial semiconductor layers 122 growing
laterally from the sidewalls 1208, i.e., the fences F may be
grown to have a (111) plane orientation or a (311) plane
orientation. An etch rate of the fences F having the (111)
plane orientation or the (311) plane orientation is higher than
an etch rate of the epitaxial semiconductor layers 122 having
the (100) plane orientation. As a result, the fences F may be
selectively removed during injection of the selective etching
gas 124, as shown in FIG. 10. The epitaxial semiconductor
layers 122 having the (100) plane orientation may also be
etched during injection of the selective etching gas 124.
Accordingly, the epitaxial semiconductor layers 122 remain-
ing in the recesses 120 after injection of the selective etching
gas 124 may be relatively reduced in thickness, as compared
to the thickness of the initial epitaxial semiconductor layers.

[0088] After injection of the selective etching gas 124, a
second purge gas can be injected into the reaction chamber
(step 25 in FIG. 1B). In one embodiment, the second purge
gas is the same gas as the first purge gas.

[0089] Referring to FIG. 11, after injection of the second
purge gas, the injection process of the main source gas and
the main-etching gas (step 19), the first purge process (step
21), the injection process of the selective etching gas (step
23), and the second purge process (step 25) are sequentially
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and repeatedly performed to form final epitaxial semicon-
ductor layers 122' having a desired thickness in the recesses
120, as shown in FIG. 1B. As described above, the insu-
lating spacers 118 may be continuously exposed while the
processes are repeatedly carried out, and the final epitaxial
semiconductor layers 122' can be formed to fill the recesses
120 only. Accordingly, the final epitaxial semiconductor
layers 122' may be formed to have a flat top surface as
shown in FIG. 11. Further, if the cycle number of the
injection process of the main source gas and the main
etching gas (step 19), the first purge process (step 21), the
injection process of the selective etching gas (step 23), and
the second purge process (step 25) is increased, the final
epitaxial semiconductor layers 122' can be made thicker so
as to be elevated from the main surface 100s of the semi-
conductor substrate. In this case, the final epitaxial semi-
conductor layers 122' may constitute an elevated source/
drain structure.

[0090] After formation of the final epitaxial semiconduc-
tor layers 122', impurity ions can be implanted into the final
epitaxial semiconductor layers 122' using the gate pattern
110, the insulating spacer 118 and the isolation layer 102 as
ion implantation masks to form source/drain regions 126.
The source/drain regions 126 are formed by injecting impu-
rity ions having the same conductivity type as the low
concentration impurity regions 112. In addition, the source/
drain regions 126 may be formed to have an impurity
concentration higher than the low concentration impurity
regions 112. Consequently, LDD-type source/drain regions
128 may be formed at both sides of the gate pattern 110.
Alternatively, a dopant gas may be additionally injected
during injection of the main source gas and the main etching
process. In this case, the ion implantation process of FIG. 11
for forming the source/drain regions 126 may be skipped.

[0091] Inthe present invention, a sidewall of an insulating
layer, which is adjacent to the recess and is provided on the
semiconductor substrate, is prevented from being covered
by an overgrown epitaxial semiconductor layer while an
epitaxial semiconductor layer can be selectively formed to
fill the recess in the semiconductor substrate. Accordingly,
the epitaxial semiconductor layer having a flat top surface
can be selectively formed to fill the recess.

[0092] While this invention has been particularly shown
and described with references to preferred embodiments
thereof, it will be understood by those skilled in the art that
various changes in form and details may be made herein
without departing from the spirit and scope of the invention
as defined by the appended claims.

What is claimed is:
1. A method of fabricating a semiconductor device, com-
prising:

forming a recess in a semiconductor substrate;

loading the substrate having the recess into a reaction
chamber;

injecting a semiconductor source gas and a main etching
gas into the reaction chamber to selectively grow an
epitaxial semiconductor layer on a sidewall and on a
bottom surface of the recess; and

injecting a selective etching gas into the reaction chamber
to selectively etch a fence of the epitaxial semiconduc-
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tor layer adjacent to the sidewall of the recess and
grown to a level that is higher than an upper surface of
the semiconductor substrate.

2. The method according to claim 1, further comprising:

alternately and repeatedly performing the injection of the
semiconductor source gas and the main etching gas and
the injection of the selective etching gas at least once,
thereby forming a final epitaxial semiconductor layer
that fills the recess and has a substantially flat top
surface.

3. The method according to claim 1, wherein the semi-
conductor substrate is a single crystalline silicon substrate,
a single crystalline germanium substrate, a single crystalline
silicon germanium substrate, a single crystalline silicon
carbide substrate, or a silicon-on-insulator (SOI) substrate
having any one layer thereof.

4. The method according to claim 1, wherein forming the
recess includes selectively anisotropically etching a prede-
termined region of the semiconductor substrate.

5. The method according to claim 1, wherein the semi-
conductor source gas is a silicon source gas, a germanium
source gas, a silicon germanium source gas, or a silicon
carbide source gas.

6. The method according to claim 1, wherein the main
etching gas and the selective etching gas are gases contain-
ing halogen elements reacting with atoms of the epitaxial
semiconductor layer.

7. The method according to claim 6, wherein each of the
main etching gas and the selective etching gas is a hydrogen
chloride (HCI) gas, a chlorine (Cl,) gas or a sulfur hexafluo-
ride (SFy) gas.

8. The method according to claim 7, wherein each of the
main etching gas and the selective etching gas further
contains at least one of a hydrogen (H,) gas, an argon (Ar)
gas, a nitrogen (N,) gas, an oxygen (O,) gas or a helium (He)
gas.

9. The method according to claim 1, further comprising:

injecting a first purge gas into the reaction chamber prior
to injection of the selective etching gas; and

injecting a second purge gas into the reaction chamber

after injection of the selective etching gas.

10. The method according to claim 9, wherein the first and
second purge gases are hydrogen gases.

11. The method according to claim 1, wherein the epi-
taxial semiconductor layer is formed of a semiconductor
material having a lattice constant that is different than a
lattice constant of the semiconductor substrate.

12. A method of fabricating a metal oxide semiconductor
(MOS) transistor, comprising:

forming a gate pattern on a semiconductor substrate;

forming an insulating spacer on sidewalls of the gate
pattern;

forming recesses in the semiconductor substrate at both
sides of the gate pattern;

loading the substrate having the recesses into a reaction
chamber;

injecting a semiconductor source gas and a main etching
gas into the reaction chamber to selectively grow
epitaxial semiconductor layers on sidewalls and on
bottom surfaces of the recesses; and
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injecting a selective etching gas into the reaction chamber
to selectively etch fences of the epitaxial semiconduc-
tor layer adjacent to the sidewalls of the recesses and
grown to a level that is higher than an upper surface of
the semiconductor substrate.

13. The method according to claim 12, further compris-
ing:

alternately and repeatedly performing the injection of the

semiconductor source gas and the main etching gas and
the injection of the selective etching gas at least once to
form final epitaxial semiconductor layers that fill the
recesses and have substantially flat top surfaces.

14. The method according to claim 13, wherein the final
epitaxial semiconductor layers are formed to fill the recesses
and have top surfaces that are higher than the upper surface
of the semiconductor substrate.

15. The method according to claim 13, further compris-
ing:

after formation of the final epitaxial semiconductor layers,
implanting impurity ions into the final epitaxial semi-
conductor layers using the gate pattern and the insu-
lating spacer as ion implantation masks to form source/
drain regions.

16. The method according to claim 12, wherein the fences
of the epitaxial semiconductor layers are grown to cover a
lower side portion of the insulating spacer.

17. The method according to claim 12, wherein the
semiconductor substrate is a single crystalline silicon sub-
strate, a single crystalline germanium substrate, a single
crystalline silicon germanium substrate, a single crystalline
silicon carbide substrate, or a silicon-on-insulator (SOI)
substrate having any one layer thereof.

18. The method according to claim 12, wherein forming
the recesses includes anisotropically etching the semicon-
ductor substrate using the gate pattern and the insulating
spacers as etch masks.

19. The method according to claim 12, wherein the
semiconductor source gas is a silicon source gas, a germa-
nium source gas, a silicon germanium source gas, or a
silicon carbide source gas.

20. The method according to claim 12, wherein the main
etching gas and the selective etching gas are gases contain-
ing halogen elements reacting with atoms of the epitaxial
semiconductor layer.

21. The method according to claim 20, wherein each of
the main etching gas and the selective etching gas is a
hydrogen chloride (HCI) gas, a chlorine (Cl,) gas or a sulfur
hexafluoride (SFy) gas.

22. The method according to claim 21, wherein each of
the main etching gas and the selective etching gas further
contains at least one of a hydrogen (H,) gas, an argon (Ar)
gas, a nitrogen (N,) gas, an oxygen (O,) gas or a helium (He)
gas.

23. The method according to claim 12, wherein the
semiconductor source gas and the main etching gas are
injected along with a dopant gas.

24. The method according to claim 12, further compris-
ing:

injecting a first purge gas into the reaction chamber prior
to injection of the selective etching gas; and

injecting a second purge gas into the reaction chamber
after injection of the selective etching gas.
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25. The method according to claim 24, wherein the first material having a lattice constant different than that of a
and second purge gases are hydrogen gases. lattice constant of the semiconductor substrate.
26. The method according to claim 12, wherein the
epitaxial semiconductor layer is formed of a semiconductor L
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