
1 PROCESS FOR FABRICATING A SEMICONDUCTOR DEVICE HAVING EMBEDDED EPITAXIAL
REGIONS TECHNICAL FIELD [00011The present invention relates generally, to
fabrication of semiconductor devices and, more particularly, to the
fabrication of semiconductor devices having embedded epitaxially grown
regions therein. BACKGROUND 100021As the demand for higher performance
semiconductor devices, such as integrated circuits (iCs) increases,
manufactures strive to improve the performance of the individual components
of the integrated circuits. in particular, field affect transistors (FE.Ts)
represent major components of integrated circuits and increasing the
switching speed of FETs in many cases leads directly to improved IC
perfolmance. One method of increasing transistor switching speed is to
increase the carrier mobility of the FETs. This is particularly important
with respect to PMOS metal-oxide-semiconductor (MOS) transistors that are
typically used in complimentary-MOS (CMOS) devices. To increase the
switching speed and current gain within P-type MOS (PMOS) transistors,
techniques have been developed to apply stress to the channel regions of
the PMOS transistors. Applying stress and strain to the channel region of
PMOS transistors strings the crystal and lattice within the channel region.
ft the ease of silicon substrate technology, the Si-Si bonds are stressed,
such that charge carriers move through the lattice at much higher rates
than in an unstrained lattice, [00031A well-known technique for applying
stress to the channel region of 



PMOS devices is to embed a silicon-germanium (SiGe) region into the source
and drain regions of the PET. The lattice constant of SiGe does not match
the lattice constant of a crystalline silicon substrate. Accordingly,
stress (or more commonly referred to as "strain") is created at the
interface between the SiGe and the silicon substrate. Where SiGe material
is embedded on opposite sides of the channel, the  strain propagates
through the region of the silicon lattice forming the channel of th FET.
[0004]While embedding SiGe in the source and drain regions of a PMOS
transistor improves the transistor performance, integration of an embedded
SiGe         to a CMOS process flow is extremely challenging. A common
technique for introducing SiGe involves the epitaxial deposition of SiGe in
regions of the substrate adjacent the gate electrode of the FET. For
example, U.S. Pat. Pub. No. 2007/132038 describes a technique for embedding
epitaxially-grown SiGe in the source and drain regions of an FET. The
technique involves forming recesses in the substrate and epitaxially
depositing SiGe into the source and drain regions of the substrate. The
epitaxial deposition prociss i carriLd out for a predetermined amount of
time in order to form a SiGe layer to a predetermined thickness.
[0005]Various substrate etching and epitaxial deposition techniques have
been developed to provide epitaxial source and drain regions. For example,
U.S. Pat. No. 7,195,985 discloses an etching and deposition technique in
which the substrate etching and the subsequent epitaxial deposition is
perfonned in the same reactor. 100061Further development of deposition
methods, such as selective deposition of SiGe layers is described in U.S.
Pat. No. 7,166,528. A deposition technique is disclosed in which slime gas
is used as a precursor for the selective deposition of silicon-containing
compounds, such as SiGe. The process also includes the introduction of a
dopant and an etchant during the SiGe epitaxial deposition process. The
dopant provides the SiGe material with various conductive characteristics,
and the etchant thnctions to remove SiGe from surface features of the
substrate. 100071While the use of SiCie embedded regions in the source and
drain regions of an EFT provides an effective means for stressing the
channel region of the PET and improving its performance, epitaxial
deposition processes can be difficult to control. In particular, the
thickness of the epitaxially-deposited SiGe is important to efficient
device processing. The thickness of the SiGe needs to be carefully
controlled in proximity to the gate electrode of a PMOS device in order to
avoid 



3 interference with other process operations, such as ion implantation into
the channel region. For example, halo regions and extension regions can be
formed in the channel region using an angled ion implantation process.
Excessive thickness of the epitaxiaily-deposited SiGe in. proximity to the
gate electrode can interfere with the angled ion implantation and alter the
doping profile of implanted regions within the PET channel. Accordingly,
improvements in process technology are necessary to provide improve control
of the SiGe epitaxial deposition process used in the fabrication of
semiconductor devices, SUMMARY [WANIn one embodiment, a process for
fabricating a semiconductor device includes thrming a device structure on a
principal surface of the semiconductor substrate. Masking sidewall spacers
are fined on the principal surface and in proximity to the device
structure. A predefined doped portion of a substrate is selectively etched
to form a cavity beneath the masking sid.ewall spacers. An epitaxial region
is formed in. the cavity, such. that a surface profile of the pita:dal
region is defined by the masking sidewall spacers. The surface profile
includes a step region above the principal surface at a perimeter of the
masking sidewall spacers. The step region is spaced away from the device
structure by the masking sidewall spacers. 190091In another embodiment, a
process for fabricating a semiconductor device includes forming a gate
electrode on a substrate surface and thrilling first sidewall spacers
adjacent to the gate electrode. The substrate is doped with a
conductivity-determining dopant using the sidewall spacers as a doping mask
to form a doped substrate region. Second sitiewall spacers are formed
adjacent to the first sidewall spacers and the doped region of a substrate
is selectively etched to form cavities extending under the second sidewall
spacer. The cavities are spaced apart by a channel region of the substrate
underlying the gate electrode and the first sidcwall spacers. The cavities
are filled with an epitaxially-deposited material. A surface profile of the
epitaxiai material includes a step region above the substrate surface and  



4 spaced away from the gate electrode by the first and second sidewall
spacers.The channel region is implanted using an angled ion beam. 100101in
yet another embodiment, a process forming a strained-channel transistor
having embedded epitaxial source and drain regions includes I rnting the
epitaxial regions in a substrate in proximity to a gate electrode. The
epitaxial regions are spaced apart from the gate electrode by one or more
sidewall spacers adjacent to the gate electrode. The sidewalt spacers limit
the depth of the epitaxial regions in proximity to the gate electrode.
Surface irregularities in the epitaxial regions are created at the
perimeter of the sidewall spacers. Doped regions are formed in the
substrate in proximity to the gate electrode, where a lateral distance of
one or more of the sidewall spacer is sufficient to substantially prevent
the surfitce irregularities from altering the doping profiles of the doped
regions in the substrate. BRIEF DESCRIPTION OF THE DRAWING [0011]FIGs. 1- 6
illustrate., and cross-section, process steps in accordance with one
embodiment of the invention. DETAILED DESCRIPTION [00121Shown in FIG. 1 is
a semiconductor substrate 10 having already undergone several processing
steps in accordance with an aspect of the invention. In one embodiment,
semiconductor substrate 10 is a PMOS substrate having an N-type well region
12 formed therein. Isolation regions 14 and 16 reside in semiconductor
substrate 10 and bound a principal surface 18 of semiconductor substrate
10. A gate electrode 20 overlies principal surface 18 and is separated
therefrom by a gate dielectric layer 22. First sidewall spacers 24 reside
adjacent to die sidewalls of gate electrode 20.A capping layer 26 overlies
the upper surface of gate electrode 20. 100131Doped regions 28 and 30 are
created by introducing a dopant into semiconductor substrate 10 through
principal surface 18. In one embodiment, an N-type dopant (As), antimony
(Sb), and the like is implanted into semiconductor substrate 10 using first
sidewall spacers 24 as an implant doping mask. The doping 



5 process leaves a channel region 32 underlying, gate electrode 20 and
first sidcwall spacers 24. Channel region 32 separates doped region 28 from
doped region 30 in semiconductor substrate 10. Those skilled in the art
will recognize the structural embodiment illustrated in FIG, 1 as depicting
electrode regions elan MOS transistor, such that doped regions 28 and 32
are source and drain regions self-aligned to gate electrode 20 and first
sidewall spacers 24. Further, channel region 32 extends between the source
and drain regions below gate electrode 20 and in proximity to principal
surface l 8 of semiconductor substrate 10. [0014]Those skilled in the art
will appreciate that although the foregoing exemplary embodiment is
described with respect to a P-type substrate having an N' type well region,
other configurations are possible. For example, the present invention can
be practiced with substrates having a conductivity that is opposite to that
shown in the figures. Further, the present invention can also be practiced
with silicon-on-insulator (SOO substrates having a thin semiconductor layer
overlying an insulating region. 100151In aspect of the invention in which a
PMOS FET is fabricated, gate electrode 20 is preferably formed by the
deposition and etching of polycrystalline silicon, Further, isolation
regions 14 and 16 are shallow-trench-isolation (STI) regions formed. by
depositing silicon oxide into trenches formed in semiconductor substrate
10. Further, semiconductor substrate 10 is preferably a single crystal
silicon substrate material in which phosphorous or arsenic is introduced in
well region 12. Further, sidewall first sidewall spacers 24 and capping
layer 26 are typically formed by depositing and. etching insulating
materials, such as silicon oxide, silicon nitrate, and the like. Gate
dielectric layer 22 is typically a thermally grown silicon oxide material.
[00161Those skilled in the art will appreciate that although the structure
illustrated in FIG. J. has been described, in the context of commonly used
semiconductor materials, numerous different materials can be used to
fabricate the gate structure illustrated in FIG. I, For example, various
refractory materials can be included to form refractory metal silicides and
the like for the fabrication of the  6 



electrode 20. Further, various dielectric materials, such as high-K
dielectric materials, ceramic materials, and the like, can be used to form
gate dielectric layer 22. [0017]The inventive process continues with the
formation of masking sidewall spacers 34 adjacent to first sidewall spacers
24. Preferably, masking sidewalls spacers 34 are formed by the deposition
an anisotropic etching of a material that is differentially etchable with
respect to doped regions 28 and 30 of semiconductor substrate 10. For
example, the various spacer-footling materials, such as spin-on-glass,
silicon oxides, silicon nitrates, and the like, can be used.
[00181Referring to FR). 3, after forming masking sidewalls spacers 34, the
inventive process continues with the selective etching of doped regions 28
and 30 in semiconductor substrate 10. The dope regions are selectively
etched by using an etchant that differentially etches the N-type
semiconductor material of doped regions 28 and 30, while not substantially
etching masking sidewall spacers 34 or isolation regions 14 and 16. In a
preferred embodiment, a selective, isotropic reactive-ionetching (RI F)
process is used to substantially remove doped regions 28 and 30 and to form
recesses or cavities 36 and 38 in semiconductor substrate 10. The isotropic
etching process is carried out to both vertically and laterally etch doped
regions 28 and 30, such that cavities 36 and 38 are formed beneath masking
sidewall spacers 34. The RIE process is preferably carried out with etching
chemistry that selectively etches the N-type semiconductor material of
doped regions 28 and 30, white not substantially etching other portions of
semiconductor substrate 10, in one embodiment, a plasma is generated in the
RIE apparatus by generating a chlorine or bromine-based plasma in the
etching chamber. 100191Once cavities 36 and 38 are formed, an epitaxial
deposition process is carried out to faint epitaxial regions 40 and 42 in
cavities 36 and 38, respectively, as illustrate in FIG. 4. The epitaxial
deposition process successively deposits layers of SiGe into cavities 36
and 38 and progressively builds the epitaxial regions to fill the cavities.
Notably, masking sidewalt spacers 34 limit the thickness of epitaxial
regions 40 and 42 in proximity to gate electrode 20. Further, the surface
profile of epitaxial regions 40 and 42 is defined by masking sidewall
spacers 34. In particular, the  thickness of epitaxial regions 40 and 42 in
proximity to gate electrode 20 and channel region 32 is limited by masking
sidewall spacers 34. Accordingly, the epitaxial deposition process will
form an epitaxial region having an upper surface in proximity to gate
electrode 20 that is coextensive with principal 18 (shown in FIG. 1),
regardless of any variance in the epitaxial deposition process. NON]By
limiting the thickness of epitaxial regions 40 and 42 in proximity to gate
electrode 20 and channel region 32, a controlled amount of stress is
introduced into channel region. 32 that does not vary with the process
variances in the epitaxial deposition process. Further, surface
irregularities within epitaxial regions 40 and 42 are spaced away from gate
electrode 20 and channel region 32 by first sidewall spacers 24 and masking
sidewall spacers 34. 100211After forming epitaxial regions 40 and 42,
masking sidewall spacers 



34, first sidewall spacers 24, and capping layer 26 are removed. Then, as
illustrated in FIG. 5, second sidewall spacers 44 are formed adjacent the
sidewalls of gate electrode 20. As illustrated in FIG. 5, epitaxial regions
40 and 42 have a surface profile that includes step regions 46 and 48,
respectively. Step regions 46 and 48 result from the epitaxial growth of
SiGe above the principal surface of semiconductor substrate 10 during the
epitaxial deposition process. Notably, step regions 46 and 48 are spaced
away from gate electrode 20 by the combined lateral distances D of first
sidewall spacers 24 and masking sidewall spacers 34. As will subsequently
be described, the lateral distance D is sufficient, to substantially-
prevent step regions 46 and 48 from interfering with subsequent
implantation processes. Significantly, by standing surface irregularities
of the epitaxial regions, such as step regions 46 and 48 away from gate
electrode 20, a fabrication process is provided in which channel
implantation is carried out after forming the epitaxial regions, rather
than before forming the epitaxial regions. Those skilled in the art will
recogMze that:, in the illustrated embodiment, epitaxial regions 40 and 42
form embedded source and drain. regions, and that channel region 32 extends
between the embedded source and drain regions beneath gate electrode 20 and
in proximity to the surface of semiconductor substrate 10.  100221As
illustrated in FIG. 6, an angled ion implantation process is carried out to
farm doped regions in channel region 32. Advantageously, surface
irregularities, such as step regions 46 and 48 are removed from gate
electrode 20 by a sufficient distance such that ion beams 50 are not
disrupted. Accordingly, step regions 46 and 48 do not substantially
interfere with angled ion beam 50 during the implantation process. The
implantation process foinis doped regions 52 and 54 in channel region 32.
The doping profile of doped regions 52 and 54 and channel region 32 is
substantially unaffected by step regions 46 and 48. In one aspect of the
'invention, doped regions 52 and 54 are halo implant regions and
source-drain extension regions commonly used in MOS device fabrication.
Accordingly, improved electrical performance is oh:ained in channel region
32 by the inventive process in which the epitaxial regions 40 and 42 are
formed prior to forming dope regions 52 and 54, 100231Thus, it is apparent
that there has been described, in accordance with the invention, a process
for fabricating a semiconductor device having embedded epitaxial region
that fully provides the advantages set forth above. Although the invention
has been described and illustrated with reference to specific illustrative
embodiments thereof, it is not intended that the invention be limited to
those illustrative embodiments. Those skilled in the art will recognize
that variations and modifications can be made without departing from the
spirit of the invention. For example, both PMOS and N-type transistors can
be fabricated using the process technique described above. For example,
N-type transistors having silicon carbide (SiC) epitaxial regions can be
fabricated in accordance with the invention. Further, numerous process
teclmiques can be used to fabricate transistors according to the invention.
For example, molecular ion beam processes, electron-cyclotron-resonance
etching process, and the like, can be used. It is therefore intended to
include within the invention all such variations and modifications as fails
within the scope of the appended claims and equivalence thereof  CLAIMS: A
process for fabricating a semiconductor device, the process comprising: 



forming a device structure on a principal surface of a semiconductor
substrate; forming masking sidewall spacers on the principal surface and in
proximity to the device structure;              ly etching away a
predefined doped portion of the substrate and foixEjing a cavity beneath
the sidewall spacers; and       forming an epitaxial region in the cavity,
such that a surface profile of the epitaxial region is defined by the
masking sidewall spacers and includes a step region above the principal
surface at a perimeter of the masking sidewall spacers and spaced away from
the device structure by the masking sidcwall spacers.        2. The process
of claim I further comprising removing the masking sid.ewall spacers and
implanting ions into the principal surface of the substrate using an angled
ion beam, wherein the step region does not substantially interfere with the
ion beam at the principal surface.        3. The process of claim 2,
wherein forming a device structure comprises forming a gate electrode, and
wherein the ion beam forms one or both of a halo region or an extension
region in the substrate, and wherein doping profiles of the halo region and
the extension region are substantially unaffected by the step region.
4. The process of claim I further comprising forming first sidewall spacers
in contact with sidewalls of the device structure, and wherein forming
masking sidewall spacers comprises forming the masking sidewall spacers
adjacent the first sidewall spacers.  10        5. The process of claim 4
further comprising implanting a conductivity-determining dopant into the
substrate to form the predefined doped portion using the first sidewall
spacers as a doping mask.        6. The process of claim 1, wherein
fosuting an epitaxial region in the cavity comprises forming embedded
epitiaxial source and drain regions.        7. The process of claim 1,
where].n forming an epitaxial region comprises forming SiGe. 



8. The process of claim 1, wherein selectively etching away a predefined
doped portion of the substrate comprises doping portions of the substrate
to be etched with an n-type dopant and applying a reactive ion etch process
that selectively etches the doped portions of the substrate,        9. The
process of claim 8, wherein doping portions of the substrate to be etched
with an n-type dopant comprises doping with one of arsenic or antimony,
10. A process for fabricating a semiconductor device, the process
comprising: foiming a gate electrode on a substrate surface and form!ng
first sidcwall spacers adjacent to the gate electrode;       doping the
substrate with a conductivity-determining dopant using the sidewall spacers
as a doping mask to form a doped substrate region;    forming second
sidewall spacers adjacent to the first sidewall spacers; selectively
etching the doped region of the substrate to form cavities extending under
the second sidewall spacers,       wherein the cavities are spaced apart by
a channel region of the substrate underlying the gate electrode and the
first sidewall spacers;  11       filling the cavities with an
epitaxially-deposited material and forming a surface profile of the
epitaxial material that includes a step region above the substrate surface
and spaced away from the gate electrode by the first and second sidewall
spacers; and 



implanting the channel region using an angled ion beam.        11. The
process of claim 10, wherein doping the substrate with
conductivity-determining dopant comprises doping with an n-type &pant.
12. The process of claim 12 further con pristng:       removing the first
and second sidewall spacers and forming implant spacers adjacent to the
gate electrode prior to implanting the channel, region; and       using the
-first sidewall spacers as a doping mask to form one or both of a halo
region or an extension region in the channel region,       wherein doping
profiles of the halo region and the extension region are substantially
unaffected by the step region.        13. The process of claim 10, wherein
selectively etching the substrate comprises applying a reactive ion etch
process that selectively etches doped portions of the substrate, while
leaving undoped portions substantially unetehed.        14. The process of
claim 13, wherein forming a gate electrode on a substrate surface comprises
forming the gate electrode on a well region of the substrate, and wherein,
selectively etching the substrate to form cavities comprises forming
cavities in the well region.        15. The process of claim 10, wherein
filling the cavities with an epitaxially-deposited material ecimprises
forming filling the cavities with SiGe.        16. A process for forming a
strained-channel transistor having embedded epitaxial source and drain
regions, the process comprising:  



forming eptitaxial regions in a substrate in proximity to a gate electrode
and spaced apart from the gate electrode by one or more sidewall spacers
adjacent to the gate electrode,       wherein the sidewall spacers limit
the depth of the eptitaxial regions in proximity to the gate electrode, and
wherein surface irregulatites in the eptitaxial regions are created at a
perime of the sidewall spacers; and forming doped regions in a channel
region of the substrate,       wherein a lateral distance of the one or
more sidewall spacers is sufficient to substantially prevent the surface
irregularities of the epitaxial regions from altering doping profiles of
the doped regions.        17. The process of claim 16, wherein forming
doped regions in the substrate comprising using an angled ion implantation
process.        18. The process of claimfarther comprising selectively
etching the substrate to form cavities extending under at least a portion
of the one or more sidewall spacers, wherein the cavities are spaced apart
by a channel tension of the substrate underlying the gate electrode and at
least a portion of the one or more sidel,vall spacers, and wherein forming
eptitaxial regions uomprises filling the cavities with an
epitaxially-deposited material.        19. The process of claim 18, wherein
filling the cavities with an epitaxially-deposited material comprises
forming filling the cavities with SlGe, 20,The process of claim 18, wherein
selectively etching the substrate comprises applying a reactive ion etch
process that selectively etches doped portions substrate, while leaving
undoped portions substantially unetched. 




