
METHOD FOR FABRICATING A SEMICONDUCTOR DEVICE HAVING
AN EPITAXIAL CHANNEL AND TRANSISTOR HAVING SAME
.RELATED APPLICATION [0001]Related subject matter is
disclosed in co-pending, commonly-assigned Patent
Application Serial No, 11/844,074, filed August 23,
2007, the disclosure of which is incorporated, by
reference herein. TECHNICAL FIELD [0002]The present
invention relates, generally, to semiconductor devices
and device fabrication and, more particularly, to the
fabrication of semiconductor devices having
beteroepitazially induced strain in the active device
regions. BACKGROUND 10003/As integrated circuits are
scaled to smaller and smaller dimensions, continued
improvement in device drive current is necessary to
maintain optimum transistor performance. In. a
metal-oxide-semiconductor (MOS) transistor, drive
current is determined., in part, by gate length, gate
capacitance, and carrier mobility. At a given device
size, improved device current can be obtained by
increasing the earner mobiliqi. A. widely-used
technique to enhance carrier mobility includes
inducing strain in the active regions of the MOS
transistors. Strain or stress in the crystalline
lattice of the transistor substrate can enhance bulk
electron and hole mobility through the crystalline
lattice. 



[0004]A common practice used to create strain, or
stress, in a crystalline substrate is to form a. layer
of material in the substrate that has a lattice
constant that differs from the substrate material. For
example, strain, can be induced in devices formed in a
single crystal silicon substrate by forming regions of
silicon germanium (SiGe) or silicon carbide (SiC).
Since the lattice constant of SiGe is larger than that
of silicon, the lattice mismatch puts the silicon
under tension and the charge carrier mobility
increases through the strained silicon lattice.
Similarly, the lattice constant of SiC differs from
silicon, however, the tytw of strain created by SiC
differs from that created by SiGe. Alloys such as SiGe
create compressive strain in silicon; while SiC
creates tensile strain in silicon. A hi-axial,
in-plane tensile strain  field can improve performance
in N-type MOS devices, and compressive strain can
improve performance in P-type MOS devices. Further,
other materials can be used to create strain in
semiconductor substrates depending upon the particular
substrate material and its lattice constant. For
example, hetero-epitaxial processes can be used to
form a wide range of materials, such as germanium (Ge)
and silicon (Si) in. II.14V substrates. [00051The
fabrication of substrates having hetero-epitaxial
regions is generally coupled with the use of advanced
transistor materials to fabricate N4OS devices having
exceedingly small feature sizes, For example, such
technology is employed to fabricate IvIOS devices
having gate lengths on the order of 45 mu with
continued scaling to 22 am. Although heteroepitaxial
substrate regions and advanced materials technology
are useful for the fabrication of extremely small
devices, typical epitaxial processes produce large
regions of epitaxial material. Such large area epitaxy
can limit the fabrication of devices having feature
sizes considerably less than 45 rim. A particular
problem encountered with large area epitaxial
deposition concerns plastic strain relaxation that
takes place in the bulk epitaxial material. The
relaxation reduces the difference in lattice constant
between the epitaxial material and the substrate,
which, in turn, reduces the strain imparted to the
crystalline substrate. [0006]Accordingly, improved
technology is necessary for the utilization of hetero-
epitaxial materials for the fabrication of transistor
devices having extremely small feature sizes, SUMMARY
[0007]In one embodiment, a method for fabricating a
transistor characterized by a channel length and a
channel width includes forming a. hardinask overlying
a substrate, and forming an ()pelting in the
hardnnask, An epitaxial region is formed in the
opening. A gate dielectric layer is formed overlying
the epitaxial region and a gate electrode it, formed
overlying the gate electrode. 



[0008]in another embodiment, a. method for fabricating
a semiconductor device includes forming a gate
structure baying sidewall spacers on a substrate. The
gate structure is removed, exposing a channel region
of the substrate that is defined by the sidcwall
spacers. An epitaxial region is selectively formed on
the channel region. A gate dielectric layer i.s
formed overlying the epitaxial region and a gate
electrode is formed overlying the gate dielectric
layer. 100091In yet another embodiment, a method for
fabricating a semiconductor device includes forming a
hardmask overlying a substrate. An opening is formed
in the hardmask that has a long dimension and a short
dimension. An epitaxial region is formed in the
opening. A gate dielectric layer is formed overlying
the epitaxial region and a gate electrode is formed
overlying the gate dielectric layer. The gate
electrode has a long dimension substantially
orthogonal to tie long dimension of the opening.
10010)In still another embodiment, a transistor
includes a crystalline substrate having a epitaxial
channel therein, the channel having a long dimension
and a short dimension. An epitaxiid material resides
in the epitaxial channel and a gate dielectric layer
overlies the epitaxial material. A gate electrode
overlies the gate dielectric layer and defins a
transistor channel region in the substrate beneath the
gate electrode. The transistor channel region has a
channel length oriented in a predetermined
relationship to the long dimension of epitaxial
channel. BRIEF DESCRIPTION OF THE DRAWING [0011]FIGs
1-3 illustrate, in cross-section, processing steps in
accordance with one embodiment of the invention; 



[0012)FIG. 4 is a view of the structure illustrated in
FIG. 3 taken from view angle TV-IV; [0013]FIG. 5 is a
schematic diagram illustrating an arrangement of
epitaxial channels and gate electrodes in accordance
with an embodiment of the invention; and [00141FIGs,
6-9 illustrate, in cross-section, processing steps in
accordance with an alternative embodiment of the
invention. DETAILED DESCRIPTION [0015]FIG. 1
illustrates a cross-sectional view of a substrate 10
having already undergone several processing steps in.
accordance with the invention. in the illustrative
embodiment, substrate 10 includes shallow trench
isolation regions 12 in which an insulat  material,
such as silicon oxide, is formed in trenches etched
into substrate 10. The trench isolation regions define
active regions in substrate 10, such as active regions
14 and 16. Hardmask layers 18 and 20 are formed
overlying a principle surface 22 of substrate 10. A
plurality of openings 24 and 26 are formed in hardmask
layers 18 and 20, and the openings are tilled with an
epitaxial material 28. [00161After forming epitaxial
material 28, hardmask layers 18 and 20 are removed and
a 



planarization process is carried out to form epitaxial
channels 30 in active region 14 and epitaxial channel
32 in active region 16. 100171The exemplary process
illustrated in FlGs. 1 and 2 provides a substrate
having epitaxial regions confined to channels formed
in active regions of the substrate By fabricating
epitaxial channels in the substrate, strain is induced
in the substrate by a lattice mismatch between the
epitaxial material in the channels and the surrounding
crystalline substrate. The confinement of the
epitaxial material to predefined channels in the
substrate limits plastics strain relaxation of the
epitaxial material, such that a maximum amount of
strain is induced in the substrate and the strain is
maintained during subsequent device fabrication steps.
As will subsequently be described, fabrication of
epitaxial channels in a device substrate provides a
substrate upon which highly integrated transistors can
he fabricated to extremely small channel links, while
avoiding the problems of bulk epitaxia]. regions
encountered in the prior art. [00181Those skilled in
the art will appreciate that the materials
constituting substrate 10, hardmask layers 18 and 20,
and epitaxial material 28 can vary depending upon the
particular type of semiconductor device under
fabrication. For example, substrate 10 can be a
single-crystalline substrate composed. of silicon,
gem/annum-111N materials, and the like. Further,
hardmask layers 18 and 20 can be a variety of
materials having differential etching characteristics
sufficient to enable lithographic patterning and
etching for the formation of openings in the hardmask
layers and channels in substrate 10, For example,
hardmask layers 18 and 20 can be dielectric materials,
such as silicon oxide, silicon nitride, silicon oxy
nitride, and the like. Further, epitaxial material 28
can vary depending upon the crystalline composition of
substrate 10. For example, where substrate 10 is
single crystal silicon, epitaxial material 28 is
preferably silicon germanium (Sine), or silicon.
carbide (Sie)  depending upon the conductivity type of
transistors to be formed in active regions 14 and 16.
Epitaxiai material 28 can be any material that has a
lattice constant that differs from the lattice
constant of substrate 10 by an amount sufficient to
induce strain in the substrate, [00191in addition to
variations in material compositions, a variety of
fabrication techniques can be employed to carru out
the processing steps illustrated in FiGs. 1 and 2. For
example, a lithographic mask pattern can be formed on
hardmask layer 20 and an etching processing carried
out to form openings 24 and 26. For example,
anisotropic plasma etching processes can be used in
which the plasma chemistry is selected to etch the
particular materials of hardmask layers 18 and 20 in
substrate 10. Further, multi-stage processing
techniques can be used in which the various layers are
etched in different plasma etching chambers.
[00201Those skilled in the art will appreciate that
various conventional etching processes are readily
available to selectively etch substrate 10, while not
appreciably etching hardmask layers 18 and 20.
Further, although two separate hardmask layers are
illustrated in. FIG. 1, additional layers, such as
antiretlective layers, and the like can also be
formed. Moreover, a single hardmask layer can also be
employed to provide a layer upon which lithographic
patterning and plasma etching can be cailied out. 



1002]1One exemplary embodiment of transistor
fabrication on substrate 10 is illustrated in PCs, 3
and 4. In the illustrated embodiment, rather than
planarize the substrate as illustrated in FIG. 2, once
openings 24 and 26 are tilled with epitaxial material,
hardmask layers IS and 20 are removed, leaving
epitaxial pillars 34 protruding above principal
surface 22. Epitaxial pillars 34 are formed by
selectively etching away hardmask layers 18 and 20
while not substantially etching epitaxial material 28.
[0022]Once hardmask layers IS and 20 are removed, a
gale dielectric layer 36 is formed on principal
surface 22 and on the exposed surfaces of epitaxial
pillars 34. Then, a gate electrode $8 is formed on
gate dielectric layer 36. The view illustrated in FIG,
4 is taken at a right angle to the view illustrated in
FIG. 3 along direction TV-1V. A second gate electrode
40 is shown in FIG, 4 that is formed in an adjacent
active region 42 of substrate 10. Gate electrodes 30
and 40 span across epitaxial regions 34 in a direction
generally orthogonal to the direction of epitaxial
channels 28 and 30.  [0023]A plain view showing the
orthogonal arrangement of epitaxial channels and gate
electrodes is illustrated in FIG. 5. isolation region
12 bounds active region 14. Epitaxial channels 28 span
across active region 14 within isolation region 12. A
plurality of gate electrodes 42 are orthogonally
arrayed across active region 14 and isolation region
12. [00241Those skilled in the art will appreciate
that the orthogonal arrangement of the gate electrodes
and the epitaxial channel provides a device structure
that can be fabricated without a critical alignment of
the gate electrode to the epitaxial channel. In the
embodiment illustrated in. FIG. 5, the epitaxial
channels extend along the width direction of the
transistor channels. Accordingly, the gate electrodes
can be positioned independent of the location of the
epitaxial channels. The orthogonal arrangement
advantageously provides channels that confine
hetero-epitaxial strain inducing regions within the
channels and that enable the formation of transistors
having extremely small gate lengths, while not
requiring high precision critical lithographic
alignment methods. As illustrated in FIG. 4, source
and drain regions 44 and. 46, respectively, are
aligned with gate electrodes 38 and 40, while
epitaxial pillars 34 extend along the width direction
of the transistor channels. [0025]The process
embodiment described above and illustrated in FIGs.
1-5 can be employed to fabricate a wide variety of
transistor types, including conventional MOS
transistors, or vertically oriented transistors, such
as FINFETs, and the like, The epitaxial region is
confined to a channel having a long dimension in the
transistor channel length direction and a short
dimension in the transistor channel width direction.
[0026]An alternative process embodiment in which an
epitaxial channel is self-aligned 



with an overlying gate electrode is illustrated in
Flas 6-9. FIG. 6 illustrates two adjacent device
structures having already undergone several processing
steps in accordance with the alternative embodiment. A
substrate 50 includes a shallow trench isolation
region 52 separating adjacent active regions 54 and
56. A gate structure 58 is formed over active region
54 and a second gate structure 60 is formed over
active region 56. Source and drain regions 62 and 64
are formed in substrate 50 on either side of gate
structure 58. Similarly, source and drain regions 66
and 68 are formed in substrate 50 on either side of
gate structure 60. A dielectric layer 70 separates a
gate body 72 from active region 54 of substrate 50,
and a dielectric layer 74 separates a gate body 76
from active region 56 of substrate 50.  Sidewalls
spacers 78 are foiJed adjacent to the sides of gate
body 72 and sidewall spacers 80 are formed adjacent to
the sides of gate body 76. Capping layer 82 overlies
gate body 72 and a capping layer 84 overlies gate body
76. Further, contact layers 86 and 88 are formed at
the surface of substrate 50 on either side of sidewall
spacers 78, and contact layers 90 and 92 are formed at
the surface of substrate 50 adjacent either sidewall
spacers 80. 100271Those skilled in the art will
recognize the device structure illustrated in FIG. 6
as corresponding to conventional MOS transistors
formed in adjacent active regions of a semiconductor
substrate. The source and drain regions, dielectric
layers, sidewall spacers, capping layers, and contact
layers can all be formed by conventional materials and
process techniques. [0028]After forming gate
structures 58 and 60, a pianarization layer 94 is
formed over substrate 50 and gate structures 58 and
60, as illustrated in FIG, 7A. Planarization layer 94
can be formed by depositing a layer of material and
planaraizing the material using a planarization
process such as nonselective sputter etching,
chemical-mechanical-polishing (OAP), and the like.
Then, a lithographic pattern 96 is formed on the
surface of planarization layer 94, and an etching
process is carried out to selectively remove capping
layer 84 and gate body 76 from gate structure 20. An
optional ant-deflective layer 97 can be formed on
planarization laye.r 94 before depositing the
lithographic material used to form lithographic patter
96. In one embodiment, the etching process forms a
channel 98 defined by sidewall spacers 80 and a
surface portion 100 of substrate 50. Preferably, an
etching process is carried out that does not
substantially etch sidewall spacers 80 or
planarization layer 94. Where gate bodies 72 and 76
are a semiconductor material, the etching parameters
are chosen to selectively react with semiconductor
material, while not appreciably reacting with the
materials forming substrate 50, sidewall spacers 80,
or planarization layer 94. 100291In an alternative
process method illustrated in Fla 7B, the etching
process is carried out to form a channel 102. Channel
102 is defined by sidewall spacers 80 and also
includes a recess 104 etched into substrate 50, in
accordance with the alternative method, an etching
process is used that reacts with the material of gate
body 76, dielectric layer 74, and the material
substrate 50.  [0030]After informing channel 98 or
102, an epitaxial deposition process is carried out to



form an epitaxial layer 103 in the lower portion of
channel 98, or 102. As in the previous embodiment, a
variety of epitaxial materials can be deposited
depending upon the particular crystalline composition
of substrate 50. The epitaxial layer 103 has a lattice
constant that differs from the material of substrate
50, such that strain is induced in regions of
substrate 50 and proximity to epitaxial layer 103.
100311In the inventive process, advance materials
technology can be employed for fabrication, as needed
for the fabrication of transistors having extremely
small gate lengths. For example, the gate electrodes
can be formed from a refractory metal, refractory
metal silicide, a combination of metals and metal
alloys, and the like. Further, the gate dielectric
layers can be ceramic materials in addition to silicon
oxide, silicon nitride; silicon oxynitride, and the
like. In one particular method, once gate body 76 is
removed and either channel 98 or 102 is formed,
lithographic pattern. 96 is removed and a high-IC
composite dielectric layer 104 is conformably
deposited to overlie planarization layer 94, the inner
surfaces of sidesvall spacers 80, and substrate
surface portion 100. Then, a metal gate material 106
is conformably deposited to overlie the high-K
dielectric layer 104. Then, a fill material 108 is
deposited to overlie metal gate material 106 and fill
channel 98. Those skilled in the art will appreciate
that various high-K dielectric materials, such as
ceramic materials, and the like, can be conformably
deposited to form a high-K dielectric layer. Further,
various metals, such as refractory metals, refractory
metal silicides, and the like, can be conformably
deposited to form metal gate material 106. 100321Once
the high-K dielectric material and metal gate material
is deposited, a phmarization process is carried out to
complete the formation of a gate electrode 108. For
example, a CMP process can be used to remove fill
material 108 and form the upper surface of gate
electrode 108 in planar alignment with planarization
layer 94. [0033]In accordance with one aspect of the
invention, the process steps described above and
illustrated in FIG.s 6 through 9 can be carried out to
remove gate body 72 and form a gate electrode having
an epitaxial material in proximity to the channel
region. For example, in the fabrication of
complimentary-MOS devices (CMOS) P-channel and
N-channel transistors are formed on the same
substrate. Accordingly, the inventive process steps
can be  carried out to form an N-type transistor and a
P-type transistor in an adjacent active region. Those
skilled in the art will appreciate that the
fabrication of N-type and P-type transistors requires
the use of dopants having opposite conductivity types.
Further, the particular materials used to fabricate
the gate electrodes can vary or, alternatively, can be
doped with different conductivity-type dopants
depending upon the conductivity of the transistor.
[0034iIn a further alternative embodiment, gate
structures 58 and 60 can be processed simultaneously
to fabricate gate electrodes in active regions 54 and
56. Regardless of the 



particular process embodiment carried out, the
inventive process forms an epitaxial region in a
channel that is self-aligned with the channel region
of the transistor. This relationship is in. contrast
to the embodiment illustrated in FIG.s 1-5, in which
the long dimension of the channel is formed in a
transistor channel length direction, and the short
dimension of the epitaxial channel is formed in the
transistor channel width direction. 10351Thus, it is
apparent that there has been described a method of
fabricating a semiconductor haying an epitaxial
channel that folly provides the advantages set forth
above. Those skilled in the art will appreciate that
numerous variations and modifications can be made
without departing from the spirit of the invention.
For example, a wide variety of processing techniques,
such as plasma enhanced chemical-vapor-deposition,
physical-vapordeposition, molecular beam deposition,
x-ray lithography, deep -UV lithography, and the like
can he used. Accordingly, all such variations and
modifications are included within the appended claims
and equivalents thereof.  CLAIMS:        1. A method
for fabricating a transistor, the transistor
characterized by a channel length and a channel width,
the method comprising:        providing a substrate
having an active substrate region defined by isolation
regions, the active region defined by a lateral
channel length direction and a lateral channel width
direction substantially orthogonal to the lateral
channel length direction;        forming a hardmask
overlying the substrate and forming an opening in the
hard mask exposing a portion of the active substrate
region;        forming an epitaxial region in the
opening spanning the active substrate region, and
projecting above the substrate, the epitaxial region
having a relatively long lateral dimension in the
channel length direction and a relatively short
lateral dimension in the channel width direction,
wherein a lattice constant of the epitaxial region
differs from a lattice constant of the substrate, such
that strain is induced in regions of the substrate
proximal to the epitaxial region; forming a gate
dielectric layer overlying the epitaxial region; and 



forming a gate electrode strip overlying the gate
dielectric layer, the gate electrode strip having a
relatively long lateral dimension substantially
orthogonal to the relatively long lateral dimension of
the epitaxial region.        2. The method of claim 1,
wherein forming a hardmask comprises forming a
dielectric layer overlying the substrate.        3.
The method of claim 2 further comprising forming a
recess in the substrate defined by the opening,
wherein forming an epitaxial region in the opening
comprises at least filling the recess,        4. The
method of claim 3 further comprising removing the
hardmask prior to forming the gate dielectric layer.
5. A method for fabricating a semiconductor device,
the method comprising:        providing a substrate
having an active substrate region defined by isolation
regions, the active region further defined by a
lateral channel length direction and a lateral channel
width direction substantially orthogonal to the
lateral channel length direction;        forming a
hardmask overlying the substrate and forming an
opening in the hardmask exposing a portion of the
active substrate region; forming a recess in the
substrate defined by the opening;        forming an
epitaxial pillar region in the recess spanning the
active substrate region, the epitaxial pillar region
having a relatively long lateral dimension in the
channel length direction and a relatively short
lateral dimension in the channel width direction,
wherein a lattice constant of the epitaxial pillar
region differs from a lattice constant of the
substrate, such that strain is induced in regions of
the substrate proximal to the epitaxial pillar region;



removing the hardmask and leaving a portion of the
epitaxial pillar region projecting above the
substrate; forming a gate dielectric layer overlying
the epitaxial pillar region; and        forming a gate
electrode strip overlying the gate dielectric layer,
the gate electrode having a relatively long lateral
dimension substantially orthogonal to the relatively
long lateral dimension of the epitaxial pillar region.
6. The method of claim 5 further comprising forming a
recess in the substrate defined by the opening, and
wherein forming an epitaxial pillar region in the
opening comprises at least filling the recess.
7. The method of claim 5, wherein forming an epitaxial
pillar re comprises epitaxially forming silicon and
germanium, a silicon germanium alloy, or IIIV
semiconductor material, 


