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ABSTRACT

strain inducing liner. The present invention also provides a

means for increasing biaxial strain with strain inducing iso
lation regions. The present invention further provides CMOS
devices in which the device regions of the CMOS substrate
may be independently processed to provide uniaxially
strained semiconducting Surfaces in compression or tension.
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STRAINED-SILICON CMOS DEVICE AND
METHOD
RELATED APPLICATION

0001. This application is a continuation of U.S. applica
tion Ser. No. 1 1/619,511 filed Jan. 3, 2007, which is a divi

sional of U.S. application Ser. No. 10/930.404 filed Aug. 31,
2004, now U.S. Pat. No. 7,227,205, issued Jun. 5, 2007,

which claims benefit of U.S. provisional patent application
60/582,678 filed Jun. 24, 2004, the entire content and disclo

sure of which is incorporated by reference.

FIELD OF THE INVENTION

0002 The present invention relates to semiconductor
devices having enhanced electron and hole mobilities, and
more particularly, to semiconductor devices that include a
silicon (Si)-containing layer having enhanced electron and
hole mobilities. The present invention also provides methods
for forming Such semiconductor devices.
BACKGROUND OF THE INVENTION

0003

For more than three decades, the continued minia

turization of silicon metal oxide semiconductor field effect

transistors (MOSFETs) has driven the worldwide semicon
ductor industry. Various showstoppers to continued scaling
have been predicated for decades, but a history of innovation
has Sustained Moore's Law in spite of many challenges. How
ever, there are growing signs today that metal oxide semicon
ductor transistors are beginning to reach their traditional scal
ing limits. A concise Summary of near-term and long-term
challenges to continued complementary metal oxide semi
conductor (CMOS) scaling can be found in the “Grand Chal
lenges' section of the 2002 Update of the International Tech
nology Roadmap for Semiconductors (ITRS). A very
thorough review of the device, material, circuit, and systems
can be found in Proc.

0004 IEEE, Vol. 89, No. 3, March 2001, a special issue
dedicated to the limits of semiconductor technology.
0005 Since it has become increasingly difficult to
improve MOSFETs and therefore CMOS performance
through continued scaling, methods for improving perfor
mance without Scaling have become critical. One approach
for doing this is to increase carrier (electron and/or hole)
mobilities. Increased carrier mobility can be obtained, for
example, by introducing the appropriate strain into the Si
lattice.

0006. The application of strain changes the lattice dimen
sions of the silicon (Si)-containing Substrate. By changing the
lattice dimensions, the electronic band structure of the mate

rial is changed as well. The change may only be slight in
intrinsic semiconductors resulting in only a small change in
resistance, but when the semiconducting material is doped,
i.e., n-type, and partially ionized, a very Small change in the
energy bands can cause a large percentage change in the
energy difference between the impurity levels and the band
edge. This results in changes in carrier transport properties,
which can be dramatic in certain cases. The application of
physical stress (tensile or compressive) can be further used to
enhance the performance of devices fabricated on the Si
containing Substrates.
0007 Compressive strain along the device channel
increases drive current in p-type field effect transistors
(pFETs) and decreases drive current in n-type field effect

transistors (nFETs). Tensile strain along the device channel
increases drive current in nFETs and decreases drive current

in pFETs.
0008 Strained silicon on relaxed SiGe buffer layer or
relaxed SiGe-on-insulator (SGOI) has demonstrated higher
drive current for both nFET K. Rim, p. 98, VLSI 2002, B.
Lee, IEDM 2002 and pFETK. Rim, etal, p. 98, VLSI 2002
devices. Even though having strained silicon on SGOI sub
strates or strained silicon directly on insulator (SSDOI) can
reduce the short-channel effects and some process related
problems such as enhanced As diffusion in SiGe IS. Takagi, et
al, p. 03-57, IEDM 2003; K. Rimetal, p. 3-49, IEDM 2003),
the enhancement in the drive current starts to diminish as

devices are scaled downto very short channel dimensions Q.
Xiang, etal, VLSI 2003; J. R. Hwang, etal, VLSI 2003). The
term “very short channel denotes a device channel having a
length of less than about 50 nm.
0009. It is believed that the reduction in drive currents in
very short channel devices results from source/drain series
resistance and that mobility degradation is due to higher
channel doping by strong halo doping, Velocity saturation,
and self-heating.
0010. In addition, in the case of biaxial tensile strain, such
as strained epitaxially grown Si on relaxed SiGe, significant
hole mobility enhancement for pFET devices only occurs
when the device channel is under a high (>1%) strain, which
is disadvantageously prone to have crystalline defects. Fur
ther, the strain created by the lattice mismatch between the
epitaxially grown Si atop the relaxed SiGe is reduced by
stress induced by shallow trench isolation regions, wherein
the effect of the shallow trench isolation regions is especially
significant in the case of devices having a dimension from the
gate edge to the end of the Source/drain region on the order of
about 500 nm or less. T. Sanuki, et al, IEDM 2003.
0011 Further scaling of semiconducting devices requires
that the strain levels produced within the substrate be con
trolled and that new methods be developed to increase the
strain that can be produced. In order to maintain enhancement
in strained silicon with continued scaling, the amount of
strain must be maintained or increased within the silicon

containing layer. Further innovation is needed to increase
carrier mobility in pFET devices.
SUMMARY

0012. The present invention provides a strained nFET
device, in which improved carrier mobility is provided in a
device channel Subjected to a tensile uniaxial Strain in a
direction parallel to the device channel. The present invention
also provides a strained pFET device, in which improved
carrier mobility is provided by a compressive uniaxial strain
imported to the device in a direction parallel to the device
channel. The present invention further comprises a CMOS
structure including pFET and nFET devices on the same
substrate, in which the device channels of the pFET devices
are under a uniaxial compressive strain and the device chan
nels of the nFET devices are under a uniaxial tensile strain,

both in a direction parallel to the device channels.
0013 The foregoing is achieved in the present invention
by forming a transistor on a semiconducting Surface having a
biaxial tensile strain, in which the semiconducting Surface is
epitaxially grown overlying a SiGe layer, or a biaxial com
pressive strain, in which the semiconducting Surface is epi
taxially grown overlying a silicon doped with carbon layer,
and then inducing a uniaxial tensile or compressive strain on
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the device channel. The uniaxial tensile or compressive strain
is produced by a strain inducing dielectric liner positioned
atop the transistor and/or a strain inducing well abutting the
device channel. Broadly, the inventive semiconducting struc
ture comprises:
0014 a Substrate comprising a strained semiconducting
layer overlying a strain inducing layer, wherein said strain
inducing layer produces a biaxial strain in said strained semi
conducting layer;
0.015 at least one gate region including a gate conductor
atop a device channel portion of said strained semiconducting
layer, said device channel portion separating Source and drain
regions adjacent said at least one gate conductor; and
0016 a strain inducing liner positioned on said at least one
gate region, wherein said strain inducing liner produces a
uniaxial Strain to said device channel portion of said strained
semiconducting layer underlying said at least onegate region.
0017. The strain inducing layer may comprise SiGe, in
which the biaxial strain in the strained semiconducting Sur
face is in tension, or the strain inducing layer may comprise
silicon doped with carbon, in which the biaxial strain of the
strained semiconducting Surface is in compression.
0018. A tensile strain inducing liner positioned atop a
transistor having a device channel in biaxial tensile strain
produces a uniaxial tensile strain in the device channel, in
which the uniaxial strain is in a direction parallel with the
device channel and provides carrier mobility enhancements
in nFET devices. A compressive strain inducing liner posi
tioned atop a transistor having a device channel in a biaxial
tensile strain produces a uniaxial compressive strain in the
device channel, in which the uniaxial strain is in a direction

parallel to the device channel and provides carrier mobility
enhancements in pFET devices. A compressive strain induc
ing liner positioned atop a transistor having a device channel
in biaxial compressive strain produces a uniaxial strain in the
device channel, in which the uniaxial compressive strain is in
a direction parallel to the device channel and provides carrier
mobility enhancements in pFET devices.
0019. Another aspect of the present invention is a semi
conducting structure in which Strain inducing wells adjacent
the biaxially strained device channel induce a uniaxial com
pressive strain or a uniaxial tensile strain parallel to the device
channel. Broadly, the inventive semiconducting structure
comprises:
0020 a Substrate comprising a strained semiconducting
layer overlying a strain inducing layer, wherein said strain
inducing layer produces a biaxial strain in said strained semi
conducting layer;
0021 at least one gate region including a gate conductor
atop a device channel portion of said strained semiconducting
layer of said Substrate, said device channel separating Source
and drain regions; and
0022 strain inducing wells adjacent said at least one gate
region, wherein said strain inducing wells adjacent said at
least one gate region produce a uniaxial Strain to said device
channel portion of said strained semiconducting layer.
0023 Strain inducing wells comprising silicon doped with
carbon positioned within a biaxial tensile strained semicon
ducting layer and adjacent a device channel produce a tensile

0024 Strain inducing wells comprising SiGe positioned
within a biaxial compressively strained semiconducting layer
and adjacenta device channel produce a compressive uniaxial
strain within the device channel, wherein the uniaxial strain is

in direction parallel to said device channel. The compressive
uniaxial strain can provide carrier mobility enhancements in
pFET devices.
0025. Another aspect of the present invention is a comple
mentary metal oxide semiconducting (CMOS) structure
including nFET and pFET devices. Broadly, the inventive
structure comprises:
0026 a Substrate comprising a compressively strained
semiconducting Surface and a tensile strained semiconduct
ing Surface, wherein said compressively strained semicon
ducting Surface and said tensile strained semiconducting Sur
face are strained biaxially:
0027 at least one gate region atop said compressively
strained semiconducting layer including a gate conductor
atop a device channel portion of said compressively strained
semiconducting layer of said Substrate;
0028 at least one gate region atop said tensile strained
semiconducting layer including a gate conductor atop a
device channel portion of said tensile strained semiconduct
ing layer of said Substrate;
0029 a compressive strain inducing lineratop said at least
one gate region atop said compressively strained semicon
ducting Surface, wherein said compressive Strain inducing
liner produces a compressive uniaxial strain in said device
channel portion of said compressively strained semiconduct
ing layer, wherein said compressive uniaxial strain is in a
direction parallel to said device channel portion of said com
pressively strained semiconducting Surface; and
0030 a tensile strain inducing liner atop said at least one
gate region atop said tensile strained semiconducting layer,
wherein said tensile Strain inducing liner produces a uniaxial
strain in said device channel portion of said tensile strained
semiconducting layer, wherein said tensile uniaxial strain is
in a direction parallel to said device channel portion of said
tensile strained semiconducting layer.
0031. Another aspect of the present invention is a comple
mentary metal oxide semiconducting (CMOS) structure
including nFET and pFET devices. Broadly, the inventive
structure comprises:
0032 a substrate comprising a tensile strained semicon
ducting layer having a pFET device region and an nFET
device region;
0033 at least one gate region within said pPET device
region including a gate conductoratop apFET device channel
portion of said tensile strained semiconducting layer;
0034 at least one gate region within said nEET device
region including a gate conductoratop annFET device chan
nel portion of said tensile strained semiconducting Surface of
said Substrate;

0035 a compressive strain inducing lineratop said at least
one gate region in said pFET device region, wherein said
compressive strain inducing liner produces a compressive
uniaxial strain in said pFET device channel; and
0036 a tensile strain inducing liner atop said at least one
gate region in said nFET device region, wherein said tensile
strain inducing liner produces a uniaxial tensile strain in said

uniaxial strain within the device channel, wherein the

nFET device channel.

uniaxial Strain is in a direction parallel to the device channel.
The tensile uniaxial strain can provide carrier mobility

0037. The above described structure may further include
strain inducing wells adjacent at least one gate region in the
nFET device region and the pFET device region, wherein the

enhancements in nFET devices.
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strain inducing wells in the pFET device region increases
compressive uniaxial strain and the strain inducing wells in
the nFET device region increases tensile uniaxial strain.
0038 Another aspect of the present invention is a method
of forming the above-described semiconducting structure,
which includes a stress inducing liner and/or strain inducing
wells that provide a uniaxial strain within the device channel
portion of the substrate. Broadly, the method of present inven
tion comprises the steps of
0039 providing a substrate having at least one strained
semiconducting Surface, said at least one strained semicon
ducting Surface having an internal strain in a first direction
and a second direction having equal magnitude, wherein said
first direction is within a same crystal plane and is perpen
dicular to said second direction;

0040 producing at least one semiconducting device atop
said at least one strained semiconducting Surface, said at least
one semiconducting device comprising a gate conductoratop
a device channel portion of said semiconducting Surface, said
device channel separating source and drain regions; and
0041 forming a strain inducing lineratop said at least one
gate region, wherein said strain inducing liner produces a
uniaxial strain in said device channel, wherein said magni
tude of strain in said first direction is different than said

second direction within said device channel portion of said at
least one strained semiconducting Surface.
0042 Another aspect of the present invention is a method
of increasing the biaxial strain within the semiconducting
layer. The biaxial strain within the semiconducting layer may
be increased in compression or tension by forming an isola
tion region Surrounding the active device region having an
intrinsically compressive or tensile dielectric fill material. In
accordance with the inventive method, the uniaxial strain may
be induced by forming a set of strain inducing wells adjacent
the at least onegate region instead of, or in combination with,
the strain inducing liner.
0043. The present invention also provides improved car
rier mobility in semiconducting devices formed on a relaxed
substrate, wherein a uniaxial strain parallel to the device
channel of a transistor is provided by the combination of a
strain inducing liner positioned atop the transistor and a strain
inducing well positioned adjacent to the device channel.
Broadly the inventive semiconductor structure comprises:
0044 a relaxed substrate;
0.045 at least one gate region including a gate conductor
atop a device channel portion of said relaxed substrate, said
device channel portion separating Source and drain regions
adjacent said at least one conductor,
0046 strain inducing wells adjacent said at least one gate
region; and
0047 a strain inducing liner positioned on said at least one
gate regions, wherein said strain inducing liner and said strain
inducing wells produce a uniaxial strain to said device chan
nel portion of said relaxed portion of said substrate underly
ing said at least one gate region.
0048. Another aspect of the present invention is a comple
mentary metal oxide semiconducting (CMOS) structure
including nFET and pFET devices, wherein the devices may
be formed on a Substrate having biaxially strained semicon
ducting Surfaces and/or relaxed semiconducting Surfaces.
Broadly, one method for providing a CMOS structure formed
on a substrate having both relaxed and biaxially strained
semiconducting Surfaces comprises providing a substrate
having a first device region and a second device region, pro

ducing at least one semiconducting device atop a device chan
nel portion of said Substrate in said first device region and said
second device region; and producing a uniaxial strain in said
first device region and said second device region, wherein
said uniaxial strain is in a direction parallel to said device
channel of said first device region and said second device
region. The first device region may comprise a biaxially
strained semiconducting Surface and the second device region
may comprise a relaxed semiconducting Surface.
0049. In accordance with the present invention, producing
a uniaxial strain in the first device region and the second
device region further comprises processing the first device
region and the second device region to provide a combination
of strain inducing structures. The first device region may
comprise a biaxially strained semiconducting Surface and a
strain inducing lineratop at least one semiconductor device, a
biaxially strained semiconducting Surface and strain inducing
wells adjacent at least one semiconducting device, or a com
bination thereof. The second device region may comprise a
relaxed substrate, a strain inducing liner atop at least one
semiconducting device and strain inducing wells adjacent to
at least one semiconducting device.
BRIEF DESCRIPTION OF THE DRAWINGS

0050 FIG. 1 is a pictorial representation (through a cross
sectional view) of one embodiment of the inventive semicon
ducting device including a nFET device channel having a
uniaxial tensile strain, in which the uniaxial tensile strain is in

a direction parallel with the device channel.
0051 FIG. 2. is a pictorial representation (through a cross
sectional view) of another embodiment of the inventive semi
conducting device including a pFET device channel having a
uniaxial compressive strain atop a SiGe layer, in which the
uniaxial compressive strain is in a direction parallel to the
device channel.

0.052 FIG. 3 is a pictorial representation (through a cross
sectional view) of another embodiment of the inventive semi
conducting device including a pFET device channel having a
uniaxial compressive strain atop a Si:C layer, in which the
uniaxial compressive strain is in a direction parallel to the
device channel.

0053 FIG. 4 is a pictorial representation (through a cross
sectional view) of one embodiment of the inventive CMOS
structure including the nFET device depicted in FIG. 1 and
the pFET device depicted in FIG. 2.
0054 FIG. 5 is a pictorial representation (through a cross
sectional view) of one embodiment of the inventive CMOS
structure including the nFET device depicted in FIG. 1 and
the pFET device depicted in FIG.3.
0055 FIG. 6 is a pictorial representation (through a cross
sectional view) of another embodiment of the inventive semi
conducting device including a nFET device channel having a
uniaxial compressive strain formed atop a relaxed semicon
ducting Substrate.
0056 FIG. 7 is a pictorial representation (through a cross
sectional view) of another embodiment of the inventive semi
conducting device including a pFET device channel having a
uniaxial tensile Strain formed atop a relaxed semiconducting
substrate.

0057 FIG. 8 is a pictorial representation (through a cross
sectional view) of one embodiment of the inventive CMOS
structure including a relaxed substrate region and a biaxially
strained semiconductor region.
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0058 FIGS. 9(a)-9(c) are pictorial representations of the
relationship between lattice dimension and uniaxial Strain
parallel to the device channel in compression and tension.

(0059 FIG. 10 is a plot of IV.I., fornFET devices having

tensile strain inducing and compressive strain inducing
dielectric layers (tensile strain inducing and compressive
strain inducing liners).

I0060 FIG. 11 is a plot of IV. I., for pFET devices having

tensile strain inducing and compressive strain inducing
dielectric layers (tensile strain inducing and compressive
strain inducing liners).
DETAILED DESCRIPTION OF THE INVENTION

0061 The present invention provides a CMOS structure
including pFET and nFET devices, in which the symmetry of
the unit lattice in the device channel of each device type can
be broken down into three directions, where the lattice dimen

sion (constant) of each direction is different by at least 0.05%.
The lattice directions in the device channel include: parallel to
the channel plane (X-direction), perpendicular to the channel
plane (y-direction) and out of the channel plane (Z-direction).
0062. The present invention further provides a strained
silicon nFET in which the lattice constant parallel to the nFET
device channel is larger than the lattice constant perpendicu
lar to the nFET device channel, wherein the lattice constant

differential is induced by a tensile uniaxial strain parallel to
the device channel. The present invention also provides a
strained silicon pFET in which the lattice constant perpen
dicular to the pFET device channel is larger than the lattice
constant parallel to the pFET device channel, wherein the
lattice constant differential is induced by a compressive
uniaxial strain parallel to the device channel. The present
invention further provides a pFET and/or nFET device on a
relaxed substrate surface wherein the combination of a strain

inducing liner and a strain inducing well produce a uniaxial
strain parallel to the device channel portion of the pFET
and/or nFET device.

0063. The present invention is now discussed in more
detail referring to the drawings that accompany the present
application. In the accompanying drawings, like and/or cor
responding elements are referred to by like reference num
bers. In the drawings, a single gate region is shown and
described. Despite this illustration, the present invention is
not limited to a structure including a single gate region.
Instead, a plurality of Such gate regions is contemplated.
0064 Referring to FIG. 1, in one embodiment of the
present invention, an n-type field effect transistor (nEET) 20
is provided having a uniaxial tensile strain in the device
channel 12 of the layered stack 10, in which the uniaxial
tensile strain is in a direction parallel to the length of the
device channel 12. The length of the device channel 12 sepa
rates the extensions 7 of the source and drain regions 13, 14 of
the device. The uniaxial tensile strain within the device chan

nel 12 of the nFET 20 is produced by the combination of the
biaxial tensile strained semiconducting layer 15 and a tensile
strain inducing liner 25. The gate region 5 comprises a gate
conductor 3 atop a gate dielectric 2.
0065. The biaxial tensile strained semiconducting layer 15
is formed by epitaxially growing silicon atop a SiGe strain
inducing layer 17. A biaxial tensile strain is induced in epi
taxial silicon grown on a surface formed of a material whose
lattice constant is greater than that of silicon. The lattice
constant of germanium is about 4.2 percent greater than that
of silicon, and the lattice constant of a SiGe alloy is linear with

respect to its germanium concentration. As a result, the lat
tice constant of a SiGe alloy containing fifty atomic percent
germanium is about 2.1 times greater than the lattice constant
of silicon. Epitaxial growth of Sion such a SiGe strain induc
ing layer 17 yields a Silayer under a biaxial tensile strain,
with the underlying SiGe strain inducing layer 17 being
essentially unstrained, or relaxed, fully or partially.
0066. The term “biaxial tensile' denotes that a tensile
strain is produced in a first direction parallel to the nFET
device channel 12 and in a second direction perpendicular to
the nFET device channel 12, in which the magnitude of the
strain in the first direction is equal to the magnitude of the
strain in the second direction.

0067. The tensile strain inducing liner 25, preferably com
prises SiNa, and is positioned atop the gate region 5 and the
exposed surface of the biaxial tensile strained semiconduct
ing layer 15 adjacent to the gate region 5. The tensile strain
inducing liner 25, in conjunction with the biaxial tensile
strained semiconducting layer 15, produces a uniaxial tensile
strain on the device channel 12 ranging from about 100 MPa
to about 3000 MPa, in which the direction of the uniaxial

strain on the device channel 12 is parallel to the length of the
device channel 12.

0068. Before the tensile strain inducing liner 25 is formed,
the device channel 12 is inabiaxial tensile strain, wherein the

magnitude of the strain produced in the direction perpendicu
lar to the device channel 12 is equal the strain produced in the
direction parallel to the device channel 12. The application of
the tensile strain inducing liner 25 produces a uniaxial strain
in the direction parallel to the device channel (x-direction)12,
wherein the magnitude of the tensile strain parallel to the
device channel 12 is greater than the magnitude of the tensile
strain perpendicular to the device channel 12. Further, the
lattice constant within the nFET device 20 along the device
channel 12 is greater than the lattice constant across the
device channel 12.

0069. Still referring to FIG. 1, in another embodiment of
the present invention, tensile strain inducing wells 30 are
positioned adjacent to the device channel 12 in respective
Source and drain regions 13, 14. The tensile strain inducing
well 30 comprises silicon doped with carbon (SiC) or silicon
germanium doped with carbon (SiGe:C). The tensile strain
inducing wells 30 comprising intrinsically tensile Si:C can be
epitaxially grown atop a recessed portion of the biaxial tensile
strained semiconducting layer 15. The term “intrinsically
tensile Si:C layer denotes that a Si:Clayer is under an inter
nal tensile strain, in which the tensile strain is produced by a
lattice mismatch between the smaller lattice dimension of the

Si:Cand the larger lattice dimension of the layer on which the
Si:C is epitaxially grown. The tensile strain inducing wells 30
produce a uniaxial tensile strain within the device channel 12
in a direction parallel to the nFET device channel 12.
0070. In one embodiment, the tensile strain inducing wells
30 may be omitted when the tensile strain inducing liner 25 is
provided. In another embodiment of the present invention, the
tensile strain inducing liner 25 may be omitted when the
tensile strain inducing wells 30 are provided. In yet another
embodiment, both the tensile strain inducing wells 30 and the
tensile strain inducing liner 25 are employed. The method for
forming the inventive nFET 20 is now described in greater
detail.

0071. In a first process step, a layered stack 10 is provided
comprising a biaxial tensile strained semiconducting layer
15. The layered stack 10 may include: tensile strained Si on
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SiGe, strained Si on SiGe-on-insulator (SSGOI) or tensile
strained Si directly on insulator (SSDOI). In a preferred
embodiment, layered stack 10 comprises tensile SSGOI hav
ing a silicon-containing biaxial tensile strained semiconduct
ing layer 15 atop a SiGe strain inducing layer 17.
0072. In a first process step, a SiGe strain inducing layer
17 is formed atop a Si-containing substrate 9. The term “Si
containing layer is used herein to denote a material that
includes silicon. Illustrative examples of Si-containing mate
rials include, but are not limited to: Si, SiGe. SiGeC, SiC,

polysilicon, i.e., polySi, epitaxial silicon, i.e., epi-Si, amor
phous Si, i.e., a:Si, SOI and multilayers thereof. An optional
insulating layer may be positioned between the SiGe strain
inducing layer 17 and the Si-containing substrate 9.
0073. The SiGe strain inducing layer 17 is formed atop the
entire Si-containing Substrate 10 using an epitaxial growth
process or by a deposition process, such as chemical vapor
deposition (CVD). The Ge content of the SiGe strain inducing
layer 17 typically ranges from 5% to 50%, by atomic weight
%, with from 10% to 20% being even more typical. Typically,
the SiGe strain inducing layer 17 can be grown to a thickness
ranging from about 10 nm to about 100 nm.
0074 The biaxial tensile strained semiconducting layer 15
is then formed atop the SiGe layer 17. The biaxial tensile
strained semiconducting layer 15 comprises an epitaxially
grown Si-containing material having lattice dimensions that
are less than the lattice dimensions of the underlying SiGe
layer 17. The biaxial tensile strained semiconducting layer 15
can be grown to a thickness that is less than its critical thick
ness. Typically, the biaxially tensile strained semiconducting
layer 15 can be grown to a thickness ranging from about 10
nm to about 100 nm.

0075 Alternatively, a biaxial tensile strained semicon
ducting layer 15 can be formed directly atop an insulating
layer to provide a strained silicon directly on insulator (SS
DOI) substrate. In this embodiment, a biaxial tensile strained
semiconducting layer 15 comprising epitaxial Si is grown
atop a wafer having a SiGe surface. The biaxial tensile
strained semiconducting layer 15 is then bonded to a dielec
tric layer of a Support Substrate using bonding methods. Such
as thermal bonding. Following bonding, the wafer having a
SiGe surface and the SiGe layer atop the strained Silayer are
removed using a process including Smart cut and etching to
provide a biaxial tensile strained semiconducting layer 26
directly bonded to a dielectric layer. A more detailed descrip
tion of the formation of a strained Si directly on insulator
substrate 105 having at least a biaxial tensile strained semi
conducting layer 15 is provided in co-assigned U.S. Pat. No.
6,603,156 entitled STRAINED Si ON INSULATOR

STRUCTURES, the entire content of which is incorporated
herein by reference.
0076 Following the formation of the stacked structure 10
having a biaxial tensile strained semiconducting layer 15,
nFET devices 20 are then formed using conventional MOS
FET processing steps including, but not limited to: conven
tional gate oxidation pre-clean and gate dielectric 2 forma
tion; gate electrode 3 formation and patterning; gate
reoxidation; source and drain extension 7 formation; Sidewall

spacer 4 formation by deposition and etching; and Source and
drain 13, 14 formation.

0077. In a next process step, a tensile strain inducing liner
25 is then deposited at least atop the gate region 5 and the
exposed surface of the biaxial tensile strained semiconduct
ing layer 15 adjacent to the gate region 5. The tensile strain
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inducing liner 25 in conjunction with the biaxial tensile
strained semiconducting layer 15 produces a uniaxial tensile
strain within the device channel 12 of the nFET device having
a direction parallel with the device channel 12. The tensile
strain inducing liner 25 may comprise a nitride, an oxide, a
doped oxide such as boron phosphate silicate glass, Al2O,
HfC), ZrO2, HfSiO, other dielectric materials that are com
mon to semiconductor processing or any combination
thereof. The tensile strain inducing liner 25 may have a thick
ness ranging from about 10 nm to about 500 nm, preferably
being about 50 nm. The tensile strain inducing liner 25 may be
deposited by plasma enhanced chemical vapor deposition
(PECVD) or rapid thermal chemical vapor deposition
(RTCVD).
0078 Preferably, the tensile strain inducing liner 25 com
prises a nitride, such as SiNa, wherein the process conditions
of the deposition process are selected to provide an intrinsic
tensile strain within the deposited layer. For example, plasma
enhanced chemical vapor deposition (PECVD) can provide
nitride stress inducing liners having an intrinsic tensile strain.
The stress state of the nitride stress including liners deposited
by PECVD can be controlled by changing the deposition
conditions to alter the reaction rate within the deposition
chamber. More specifically, the stress state of the deposited
nitride strain inducing liner may be set by changing the depo
sition conditions such as: SiH4/N/He gas flow rate, pressure,
RF power, and electrode gap.
0079. In another example, rapid thermal chemical vapor
deposition (RTCVD) can provide nitride tensile strain induc
ing liners 25 having an internal tensile Strain. The magnitude
of the internal tensile strain produced within the nitride ten
sile strain inducing liner 25 deposited by RTCVD can be
controlled by changing the deposition conditions. More spe
cifically, the magnitude of the tensile strain within the nitride
tensile strain inducing liner 25 may be set by changing depo
sition conditions such as: precursor composition, precursor
flow rate and temperature.
0080. In another embodiment of the present invention,
tensile strain inducing wells 30 may be formed following the
formation of the nFET devices 20 and prior to the deposition
of the tensile strain inducing liner 25. In a first process step, a
recess is formed within the portion of the biaxially tensile
strained semiconducting layer 15, in which the Source and
drain regions 13, 14 are positioned. The recess may beformed
using photolithography and etching. Specifically an etch
mask, preferably comprising a patterned photoresist, is
formed atop the surface of the entire structure except the
portion of the biaxially tensile Strained semiconducting layer
15 adjacent the gate region. A directional (anisotropic) etch
then recesses the surface of the biaxially tensile strained
semiconducting layer 15 overlying the Source and drain
regions 13, 14 to a depth of about 10 nm to about 300 nm from
the Surface on which the gate region 5 is positioned.
I0081. In a preferred embodiment, the tensile strain induc
ing wells 30 encroach underneath the sidewall spacers 4 that
abut the gate electrode 3 in the gate region 5. By positioning
the tensile strain inducing wells 30 closer to the device chan
nel 12, the strain produced along the device channel 12 is
increased. The tensile strain inducing wells 30 may be posi
tioned in closer proximity to the device channel 12 by an etch
process including a first directional (anisotropic) etch fol
lowed by an non-directional (isotropic) etch, in which the
non-directional etch undercuts the sidewall spacers 4 to pro
vide a recess encroaching the device channel 12.
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0082 In a next process step, silicon doped with carbon
(SiC) is then epitaxially grown atop the recessed surface of
the biaxial tensile strained semiconducting layer 15 overlying
the source and drain regions 13, 14 forming the tensile strain
inducing wells 30. The epitaxially grown Si:C is under an
internal tensile strain (also referred to as an intrinsic tensile
strain), in which the tensile strain is produced by a lattice
mismatch between the smaller lattice dimension of the epi
taxially grown Si:Cand the larger lattice dimension of the
recessed surface of the biaxial tensile strained semiconduct

ing layer 15 on which the Si:C is epitaxially grown. The
tensile strain inducing wells 30 produce a uniaxial tensile
strain within the device channel 12 of the nFET device 20

having a direction parallel with the device channel 12.
Although Si:C is preferred, any intrinsically tensile material
may be utilized. Such as Si, intrinsically tensile nitrides and
oxides, so long as a uniaxial tensile strain is produced within
the device channel 12.

0083. In another embodiment of the present invention, a
tensile strain inducing isolation region 50 is then formed
comprising an intrinsically tensile dielectric fill, wherein the
intrinsically tensile dielectric fill increases the magnitude of
the strain within the biaxially tensile strained semiconducting
layer 15 by about 0.05 to about 1%. The isolation regions 50
are formed by first etching a trench using a directional etch
process, such as reactive ion etch. Following trench forma
tion, the trenches are then filled with a dielectric having an
intrinsic tensile strain, such as nitrides or oxides deposited by
chemical vapor deposition. The deposition conditions for
producing the intrinsically tensile dielectric fills are similar to
the deposition conditions disclosed above for forming the
tensile strained dielectric liner 25. A conventional planariza
tion process Such as chemical-mechanical polishing (CMP)
may optionally be used to provide a planar structure.
0084. Referring to FIG. 2 and in another embodiment of
the present invention, a p-type field effect transistor (pFET)
45 is provided having a uniaxial compressive strain in the
device channel 12 of the substrate 10, in which the uniaxial

compressive strain is in a direction parallel to the length of the
device channel 12. In this embodiment, the uniaxial compres
sive strain is produced by the combination of the biaxial
tensile strained semiconducting layer 15 and a compressive
strain inducing liner 55.
0085. The biaxial tensile strained semiconducting layer 15
is epitaxially grown Si atop a SiGe strain inducing layer 17
similar to the biaxial tensile strained semiconducting layer 15
described above with reference to FIG.1. The biaxial tensile

strained semiconducting layer 15, can comprise epitaxial sili
con grown atop a SiGe strain inducing layer 17, in which the
Ge concentration of the SiGe strained inducing layer 17 is
greater than 5%.
I0086 Referring back to FIG. 2, the compressive strain
inducing liner 55, preferably comprises SiN, and is posi
tioned atop the gate region 5 and the exposed surface of the
biaxial tensile Strained semiconducting layer 15 adjacent to
the gate region 5. The compressive strain inducing liner 55 in
conjunction with the biaxial tensile Strained semiconducting
layer 15 produces a uniaxial compressive strain on the device
channel 12 ranging from about 100 MPa to about 2000 MPa,
in which the direction of the uniaxial strain is parallel to the
length of the device channel 12.
0087. Before the compressive strain inducing liner 55 is
formed, the device channel 12 is in a biaxial tensile strain,

wherein the magnitude of the tensile strain produced in the

direction perpendicular to the device channel 12 is equal the
tensile strain produced in the direction parallel to the device
channel 12. The application of the compressive strain induc
ing liner 55 produces a uniaxial compressive strain in a direc
tion parallel to the device channel 12. Therefore, the lattice
constant within the pFET device 45 across the device channel
12 is greater than the lattice constant along the device channel
12.

I0088 Still referring to FIG. 2, and in another embodiment
of the present invention, compressive strain inducing wells 60
are positioned adjacent the device channel 12 in respective
Source and drain regions 13, 14. The compressive strain
inducing wells 60 comprising intrinsically compressive SiGe
can be epitaxially grown atop a recessed portion of the biaxial
tensile strained semiconducting layer 15. The term “intrinsi
cally compressive SiGe layer denotes that a SiGe layer is
under an intrinsic compressive strain (also referred to as an
intrinsic compressive strain), in which the compressive strain
is produced by a lattice mismatch between the larger lattice
dimension of the SiGe and the smaller lattice dimension of the

layer on which the SiGe is epitaxially grown. The compres
sive strain inducing wells 60 produce a uniaxial compressive
strain within the device channel 12. The uniaxial compressive
strain within the device channel 12 can be increased by posi
tioning the compressive strain inducing wells 60 in close
proximity to the device channel. In one preferred embodi
ment, the compressive strain inducing wells 60 encroach
underneath the sidewall spacers 4 that abut the gate electrode
3 in the gate region 5.
I0089. The method for forming the inventive pFET 45 is
now described. In a first process step, a layered structure 10 is
provided having a biaxial tensile strained semiconducting
layer 15. In one embodiment, the layered structure 10 com
prises a biaxial tensile strained semiconducting layer 15 over
lying a SiGe strain inducing layer 17, in which the SiGe strain
inducing layer 17 is formed atop a Si-containing substrate 9.
The Si-containing substrate 9 and the SiGe layer 17 are simi
lar to the Si-containing substrate 9 and the SiGe layer 17
described above with reference to FIG. 1.

(0090. Following the formation of the layered structure 10,
pFET devices 45 are then formed using conventional pro
cesses. The pFET devices 45 are formed using MOSFET
processing similar to those for producing the nFET devices
20, as described with reference to FIG. 1, with the exception
that the Source and drain regions 13, 14 are p-type doped.
0091 Referring back to FIG. 2, in a next process step, a
compressive strain inducing liner 55 is then deposited at least
atop the gate region 5 and the exposed surface of the biaxial
tensile strained semiconducting layer 15 adjacent to the gate
region 5. The compressive strain inducing liner 55 may com
prise a nitride, an oxide, a doped oxide Such as boron phos
phate silicate glass, Al-O, Hf, ZrO, HfsiO, other dielec
tric materials that are common to semiconductor processing
or any combination thereof. The compressive strain inducing
liner 55 may have a thickness ranging from about 10 nm to
about 100 nm, preferably being about 50 nm. The compres
sive strain inducing liner 55 may be deposited by plasma
enhanced chemical vapor deposition (PECVD).
0092 Preferably, the compressive strain inducing liner 55
comprises a nitride, such as SiNa, wherein the process con
ditions of the deposition process are selected to provide an
intrinsic compressive strain within the deposited layer. For
example, plasma enhanced chemical vapor deposition
(PECVD) can provide nitride strain inducing liners having a
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compressive internal Strain. The stress state of the deposited
nitride strain inducing liner may be set by changing the depo
sition conditions to alter the reaction rate within the deposi
tion chamber, in which the deposition conditions include
SiH4/N/He gas flow rate, pressure, RF power, and electrode
gap.

0093. In another embodiment of the present invention,
SiGe compressive strain inducing wells 60 may be formed
following the formation of the pPET devices 45 and prior to
the deposition of the compressive strain inducing liner 55. In
a first process step, a recess is formed within the portion of the
biaxial tensile Strained semiconducting layer 15 adjacent to
the gate region 5, in which the source and drain regions 13, 14
are positioned. The recess may be formed using photolithog
raphy and etching. Specifically an etch mask, preferably com
prising patterned photoresist, is formed atop the Surface of the
entire structure except the portion of the biaxial tensile
strained semiconducting layer 15 adjacent the gate region. A
directional etch process then recesses the surface of the
biaxial tensile strained semiconducting layer 15 overlying the
source and drain regions 13, 14 to a depth of about 10 nm to
about 300 nm from the surface on which the gate region 5 is
positioned. In a preferred embodiment, the compressive
strain inducing wells 60 may be positioned in closer proxim
ity to the device channel by an etch process including a first
directional (anisotropic) etch followed by a non-directional
(isotropic) etch, in which the non-directional etch undercuts
the sidewall spacers 4 to provide a recess encroaching the
device channel 12. By positioning the compressive strain
inducing wells 60 closer to the device channel 12, the strain
produced along the device channel 12 is increased.
0094. In a next process step, SiGe is then epitaxially grown
atop the recessed surface of the biaxial tensile strained semi
conducting layer 15 overlying the source and drain regions
13, 14 forming the compressive strain inducing wells 60. The
epitaxially grown SiGe is under an internal compressive
strain (also referred to as an intrinsic compressive strain), in
which the compressive strain is produced by a lattice mis
match between the larger lattice dimension of the epitaxially
grown SiGe and the smaller lattice dimension of the recessed
Surface of the biaxial tensile strained semiconducting layer
15, on which the SiGe is epitaxially grown. The compressive
strain inducing wells 60 produce a uniaxial compressive
strain within the device channel 12 of the pFET device 45
having a direction parallel to the device channel 12.
0095. In one embodiment, the compressive strain inducing
wells 60 may be omitted when the compressive strain induc
ing liner 55 is provided. In another embodiment of the present
invention, the compressive strain inducing liner 55 may be
omitted when the compressive strain inducing wells 60 are
provided.
0096. In another embodiment of the present invention, a
compressive strain inducing isolation region 65 is formed
comprising an intrinsically compressive dielectric fill,
wherein the intrinsically compressive dielectric fill increases
the magnitude of the strain in the biaxial tensile strained
semiconducting layer 15 by about 0.05 to about 1%. The
compressive strain inducing isolation regions 65 are formed
by first etching a trench using a directional etch process. Such
as reactive ion etch. Following trench formation, the trench is
then filled with a dielectric having an intrinsic compressive
strain, Such as nitrides or oxides deposited by chemical vapor
deposition. The deposition conditions for producing the com
pressive strain inducing dielectric fill are similar to the depo

sition conditions disclosed above for forming the compres
sive strained dielectric liner 55.

(0097. Referring to FIG. 3, in another embodiment of the
present invention, a pFET 75 is provided having a uniaxial
compressive strain in the device channel 12 of the substrate 10
(a), in which the compressive uniaxial strain is in a direction
parallel to the length of the device channel 12. In this embodi
ment, the uniaxial compressive strain is produced by the
combination of the biaxial compressive strained semicon
ducting layer 26 and a compressive strain inducing liner 55.
0098. The biaxial compressive strained semiconducting
layer 26 is epitaxial silicon grown atop a silicon doped with
carbon (SiC) strain inducing layer 18. A biaxial compressive
strain is induced in epitaxial silicon grown on a Surface
formed of a material whose lattice constant is Smaller than
that of silicon. The lattice constant of carbon is smaller than
that of silicon.

0099 Epitaxial growth of Sion such a Si:C strain inducing
layer 18 yields a Silayer under a biaxial compressive strain,
with the underlying Si:C strain inducing layer 18 being essen
tially unstrained, or relaxed. The term “biaxially compres
sive' denotes that a compressive strain is produced in a first
direction parallel to the device channel 12 and in a second
direction perpendicular to the device channel 12, where the
magnitude of the strain in the first direction is equal to the
magnitude of the Strain in the second direction.
0100. The compressive strain inducing liner 55 is similar
to the compressive strain inducing liner described above with
reference to FIG. 2 and preferably comprises SiN. Refer
ring back to FIG. 3, the compressive strain inducing liner 55
is positioned atop the gate region 5 and the exposed Surface of
the biaxial compressive strained semiconducting layer 26
adjacent to the gate region 5.
0101 The compressive strain inducing liner 55 produces a
uniaxial compressive strain on the device channel 12 ranging
from about 100 MPa to about 2000 MPa, in which the direc

tion of the uniaxial strain is parallel to the length of the device
channel 12.

0102 Before the compressive strain inducing liner 55 is
formed, the device channel 12 is in a biaxial compressive
strain; since the magnitude of the strain produced in the
direction perpendicular to the device channel 12 is equal the
strain produced in the direction parallel to the device channel
12. The application of the compressive strain inducing liner
55 produces a uniaxial strain in the direction parallel the
device channel 12, wherein the magnitude of the compressive
strain perpendicular to the device channel 12 is less than the
magnitude of the compressive strain parallel the device chan
nel 12. Further, the lattice constant within the pFET device 75
perpendicular the device channel 12 is greater than the lattice
constant along the device channel 12.
(0103 Still referring to FIG. 3, in another embodiment of
the present invention, SiGe compressive strain inducing wells
60 are positioned adjacent the device channel 12. The com
pressive strain inducing wells 60 comprising intrinsically
compressive SiGe can be epitaxially grown atop a recessed
portion of the biaxial compressive strained semiconducting
layer 26 and is similar to the SiGe compressive strain induc
ing well 60 described with reference to FIG. 2. Preferably,
SiGe compressive strain inducing wells 60 encroach under
neath the sidewall spacers 4 that abut the gate electrode 3 in
the gate region 5.
0104. The method for forming the inventive pFET 75 is
now described in greater detail. In a first process step, a
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stacked structure 10(a) is provided having a biaxial compres
sive strained semiconducting layer 26 overlying a Si:C strain
inducing layer 18, in which the Si:C strain inducing layer 18
is foamed atop a Si-containing Substrate 9. The Si-containing
substrate 9 depicted in FIG. 3 is similar to the Si-containing
substrate 9 described above with reference to FIG. 1.

0105. The Si:C strain inducing layer 18 is formed atop the
entire Si-containing Substrate 9 using an epitaxial growth
process, wherein the C content of the Si:C strain inducing
layer 18 is less than about 6%, by atomic '%, preferably
ranging from 0.5% to 4%. Typically, the Si:C strain inducing
layer 18 can be grown to a thickness ranging from about 10
nm to about 100 nm.

0106 The biaxial compressive strained semiconducting
layer 26 is then formed atop the Si:C strain inducing layer 18.
The biaxial compressive strained semiconducting layer 26
comprises an epitaxially grown Si-containing material hav
ing lattice dimensions that are larger than the lattice dimen
sions of the underlying Si:C layer 18. The biaxial compres
sive strained semiconducting layer 26 can be grown to a
thickness that is less than its critical thickness. Typically, the
biaxial compressive Strained semiconducting layer 26 can be
grown to a thickness ranging from about 10 nm to about 100
0107 Alternatively, a biaxial compressively strained
semiconducting layer 26 can be formed directly atop an insu
lating layer to provide a strained silicon directly on insulator
(SSDOI) substrate. In this embodiment, a compressively
strained semiconducting layer 26 comprising epitaxial Si is
grown atop a handling wafer having a Si:C Surface. The
compressively strained semiconducting layer 26 is then
bonded to a dielectric layer of a Support Substrate using bond
ing methods, such as thermal bonding. Following bonding,
the handling wafer having a Si:C Surface is removed using
Smart cut and etching to provide a biaxial compressive
strained semiconducting layer 26 directly bonded to a dielec
tric layer.
0108. Following the formation of the layered structure
10(a), pFET devices 75 are formed atop the biaxial compres
sively strained semiconducting layer 26, as described with
reference to FIG. 2.

0109 Referring back to FIG. 3, in a next process step, a
compressive strain inducing liner 55 is then deposited at least
atop the gate region 5 and the exposed Surface of the biaxial
compressive strained semiconducting layer 26 adjacent to the
gate region 5. The compressive strain inducing liner 55 is
similar to the compressive strain inducing liner described
above with reference to FIG. 2.

0110 Preferably, the compressive strain inducing liner 55
comprises a nitride. Such as SiNa, wherein the process con
ditions of the deposition process are selected to provide an
intrinsic compressive strain within the deposited layer. For
example, plasma enhanced chemical vapor deposition
(PECVD) can provide nitride stress inducing liners having a
compressive internal stress. The stress state of the deposited
nitride stress inducing liner may be set by changing the depo
sition conditions to alter the reaction rate within the deposi
tion chamber, in which the deposition conditions include
SiH4/N/He gas flow rate, pressure, RF power, and electrode
gap.

0111 Similar to the embodiment depicted in FIG. 2, com
pressive strain inducing wells 60, preferably comprising
intrinsically compressive SiGe, and compressive strain
inducing isolation regions 65, preferably comprising intrin

sically compressive dielectric fill, may then be formed as
depicted in FIG. 3. Preferably, the compressive strain induc
ing wells 60 encroach underneath the sidewall spacers 4 that
abut the gate electrode 3 in the gate region 5.
0112 Referring to FIG. 4, in another embodiment of the
present invention, a CMOS structure is provided incorporat
ing the nFET devices 20 of the present invention as depicted
in FIG. 1, and the pFET devices 45 of the present invention as
depicted in FIG. 2, on the same substrate 100. Each nFET
device 20 has a device channel 12 in which the lattice constant

in the direction parallel to the nFET device channel 12 is
larger than the lattice constant in the direction perpendicular
to the nFET device channel 12, wherein the lattice constant

differential is induced by a tensile uniaxial strain. Each pFET
45 has a device channel 12 in which the lattice constant in the

direction perpendicular to the pFET device channel 12 is
larger than the lattice constant parallel to the pFET device
channel 12, wherein the lattice constant differential is

induced by a compressive uniaxial strain. The CMOS struc
ture depicted in FIG. 4 is formed using the above-described
methods for producing the nFET device 20 and the pFET
device 45.

0113 More specifically, a layered structure 100 is first
provided including a biaxial tensile strained semiconducting
layer 15 formed overlying a SiGe strain inducing layer 17, as
described above with reference to FIG.1. NFET devices 20

are then formed within an nFET device region 120 of the
substrate 100 and pFET devices 45 are then formed within a
pFET device region 140 of the substrate 100, wherein the
nFET device region 120 is separated from the pFET device
region by an isolation region 70. Similar to the previous
embodiments, the biaxial strain produced within the pFET
device region 140 and the nFET device region 120 may be
increased by filling the isolation region 70 with an intrinsi
cally compressive or intrinsically tensile dielectric fill.
0114. The pFET device region 140 and the nFET device
region 120 are then selectively processed using conventional
block masks. For example, a first block mask is fowled atop
the pFET device region 140, leaving the nFET device region
120 exposed. The nFET device region 120 is then processed
to produce nFET devices 20, a tensile strain inducing liner 25
and tensile strain inducing wells 30, as described above with
reference to FIG. 1. The nFET device region 120 and the
pFET device region 140 are separated by an isolation region
70, wherein an intrinsically tensile or intrinsically compres
sive dielectric fill material can increase the biaxial strain

within the nFET or pFET device regions 120, 140.
0115 The first block mask is then removed and a second
block mask is formed atop the nFET device region 120,
leaving the pFET device region 140 exposed. The pFET
device region 140 is processed to produce pFET devices 45, a
compressive strain inducing liner 55 and compressive strain
inducing wells 60, as described above with reference to FIG.
2. The second block mask is then removed.

0116 Referring to FIG. 5, in another embodiment of the
present invention, a CMOS structure is provided incorporat
ing the nFET device 20, depicted in FIG. 1, and the pFET
device 75, depicted in FIG. 3, on the same substrate. The
CMOS structure depicted in FIG. 5 provides further enhance
ment of nFET current drive as well as improvement of pFET
current drive on the same substrate 105.

0117. The CMOS structure depicted in FIG. 5 is formed
using the above-described methods for producing nFET
devices 20, as depicted in FIG. 1, and the pFET devices 75, as
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depicted in FIG.3, wherein block masks are utilized to selec
tively process the portion of the CMOS structure in which the
nFET devices 20 and the pFET devices 75 are formed.
0118 First, a strained Si substrate 105 is provided having
at least a biaxial compressively strained semiconducting layer
26 overlying a Si:C strain inducing layer 18 in the pFET
device region 140 and a biaxial tensile strained compressive
layer 15 overlying a SiGe strain inducing layer 17 in the nFET
device region 120. The strained Si substrate 105 may be
formed using deposition, epitaxial growth, photolithography
and etching. A more detailed description of the formation of
a biaxial strained Si substrate 105 comprising a compres
sively strained semiconducting layer 26 and a tensile strained
semiconducting layer 15 is provided in co-assigned U.S.
patent application Ser. No. 10/859,736, filed Jun. 3, 2004
entitled STRAINED SON MULTIPLE MATERIALS FOR

BULK OR SOI SUBSTRATE, the entire content of which is

incorporated herein by reference.
0119. In a next process step, a first block mask is fanned
atop the pFET device region 140, leaving the biaxial tensile
strained semiconducting layer 15 in the nEET device region
120 exposed. The biaxial tensile strained semiconducting
layer 15 is processed to provide nFET devices 20 comprising
a tensile strain inducing liner 25 and tensile strain inducing
wells 30, wherein a tensile uniaxial strain is produced within
the nFET device channels 12. The nFET devices 20 are pro
cessed in accordance with the method described above with
reference to FIG. 1.

0120. Following the formation of the nFET devices 20, the
first block mask is stripped to expose the biaxial compressive
strained semiconducting layer 26 and a second block mask is
formed atop the nFET devices 20 positioned in the biaxial
tensile strained semiconducting layer 15. The biaxial com
pressively strained semiconducting layer 26 is processed to
provide pET devices 75 comprising a compressive strain
inducing liner 55 and compressive strain inducing wells 60, in
which a uniaxial compressive strain is produced within the
device channel 12 of the pFET devices 75. The pFET devices
75 are processed in accordance with the method described
above with reference to FIG. 3.

0121 Referring to FIG. 6, in another embodiment of the
present invention, a n-type field effect transistor (nFET) 20 is
provided having a uniaxial tensile strain in the device channel
12 portion of a relaxed substrate 85 is which the uniaxial
tensile strain is in a direction parallel to the length of the
device channel 12. The uniaxial tensile strain along the device
channel 12 of the nFET device 20 is produced by the combi
nation of a tensile strain inducing liner 25 and a tensile strain
inducing well 30.
0122 The term “relaxed substrate” denotes a substrate
that does not have an internal strain, in which the lattice

dimension in the direction parallel to the channel plane (X-di
rection), perpendicular to the channel plane (y-direction) and
out of the channel plane (Z-direction) are the same. The
relaxed Substrate 85 may comprise any semiconducting mate

rial, including but not limited to: Si, strained Si, SiC.
SiGe.C. SiGe Si alloys, Ge. Ge alloys, GaAs, InAs,

InP as well as other III-V and II-VI semiconductors. The

relaxed substrate 85 may also be silicon-on-insulator sub
strates (SOI) or SiGe-on-insulator (SGOI) substrates. The
thickness of the relaxed substrate 85 is inconsequential to the
present invention. Preferably, the relaxed substrate 85 com
prises a Si-containing material.

Sep. 30, 2010
I0123. The tensile strain inducing liner 25, preferably com
prises SiNa, and is positioned atop the gate region 5 and the
exposed surface of the relaxed substrate 85 adjacent to the
gate region 5. The tensile strain inducing liner 25 may com
prise a nitride, an oxide, a doped oxide Such as boron phos
phate silicate glass, Al-O, Hf, ZrO, HfsiO, other dielec
tric materials that are common to semiconductor processing
or any combination thereof. The tensile strain inducing liner
25 may have a thickness ranging from about 10 nm to about
500 nm, preferably being about 50 nm. The tensile strain
inducing liner 25 may be deposited by plasma enhanced
chemical vapor deposition (PECVD) or rapid thermal chemi
cal vapor deposition (RTCVD).
0.124 Preferably, the tensile inducing liner 25 comprises a
nitride, such as SiNa, wherein the process conditions of the
deposition process are selected to provide an intrinsic tensile
strain within the deposited layer. For example, plasma
enhanced chemical vapor deposition (PECVD) can provide
nitride stress inducing liners having an intrinsic tensile strain.
The stress state of the nitride stress including liners deposited
by PECVD can be controlled by changing the deposition
conditions to alter the reaction rate within the deposition
chamber. More specifically, the stress state of the deposited
nitride strain inducing liner may be set by changing the depo
sition conditions such as: SiH4/N/He gas flow rate, pressure,
RF power, and electrode gap. In another example, rapid ther
mal chemical vapor deposition (RTCVD) can provide nitride
tensile strain inducing liners 25 having an internal tensile
strain. The magnitude of the internal tensile strain produced
within the nitride tensile strain inducing liner 25 deposited by
RTCVD can be controlled by changing the deposition condi
tions. More specifically, the magnitude of the tensile strain
within the nitride tensile strain inducing liner 25 may be set by
changing deposition conditions such as: precursor composi
tion, precursor flow rate and temperature.
0.125. The tensile strain inducing wells 30 are positioned
adjacent the device channel 12 in respective source and drain
regions 13, 14. The tensile strain inducing well 30 can com
prise silicon doped with carbon (Si:C) or silicon germanium
doped with carbon (SiGe:C). The tensile strain inducing wells
30 comprising intrinsically tensile Si:C can be epitaxially
grown atop a recessed portion of the relaxed substrate 85.
0.126 The tensile strain inducing wells 30 in combination
with the tensile strain inducing liner 25 produces a uniaxial
tensile strain within the device channel 12 in a direction

parallel with the nFET device channel 12. The combination of
the tensile strain inducing liner 25 and the strain inducing
wells 30 produces a uniaxial compressive strain on the device
channel 12 ranging from about 100 MPa to about 2000 MPa,
in which the direction of the uniaxial strain is parallel to the
length of the device channel 12. The method for fowling the
structure depicted in FIG. 1 is applicable for providing the
structure depicted in FIG. 6 with the exception that the
method of forming the structure depicted in FIG. 6 includes a
relaxed substrate 85 as opposed to a strained substrate of the
previous embodiment.
I0127. Referring to FIG. 7, in another embodiment of the
present invention, a p-type field effect transistor (pFET) 45 is
provided having a uniaxial compressive strain in the device
channel 12 portion of a relaxed substrate 85 is which the
uniaxial compressive strain is in a direction parallel to the
length of the device channel 12. A compressive strain induc
ing liner 55 in combination with compressive strain inducing
wells 60 produces a compressive uniaxial strain along the
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device channel 12 portion of the relaxed substrate 85, wherein
the uniaxial compressive strain parallel to the device channel
provides carrier mobility enhancements in pFET devices 45.
0128. The relaxed substrate 85 is similar to the relaxed
substrate depicted in the FIG. 6. The application of the com
pressive strain inducing liner 55 in combination with the
compressive strain inducing wells 60 produces a uniaxial
compressive strainina direction parallel to the device channel
12. Therefore, the lattice constant within the pFET device 45
across the device channel 12 is greater than the lattice con
stant along the device channel 12.
0129. The compressive strain inducing liner 55 may com
prise a nitride, an oxide, a doped oxide Such as boron phos
phate silicate glass, Al-O, Hf, ZrO, HfsiO, other dielec
tric materials that are common to semiconductor processing
or any combination thereof. The compressive strain inducing
liner 55 may have a thickness ranging from about 10 nm to
about 100 nm, preferably being about 50 nm. The compres
sive strain inducing liner 55 may be deposited by plasma
enhanced chemical vapor deposition (PECVD).
0130 Preferably, the compressive strain inducing liner 55
comprises a nitride, such as SiNa, wherein the process con
ditions of the deposition process are selected to provide an
intrinsic tensile strain within the deposited layer. For
example, plasma enhanced chemical vapor deposition
(PECVD) can provide nitride stress inducing liners having a
compressive internal stress. The stress state of the deposited
nitride stress inducing liner may be set by changing the depo
sition conditions to alter the reaction rate within the deposi
tion chamber, in which the deposition conditions include
SiH4/N/He gas flow rate, pressure, RF power, and electrode
gap.

0131 The compressive strain inducing wells 60 are posi
tioned adjacent the device channel 12 in respective source and
drain regions 13, 14. The compressive strain inducing well 60
can comprise SiGe. The compressive strain inducing wells 60
comprising intrinsically compressive SiGe can be epitaxially
grown atop a recessed portion of the relaxed substrate 85.
0132) The combination of the compressive strain inducing
liner 55 and the compressive strain inducing wells 60 pro
duces a uniaxial compressive strain on the device channel 12
ranging from about 100 MPa to about 2000 MPa, in which the
direction of the uniaxial compressive strain is parallel to the
length of the device channel 12. The method for forming the
structure depicted in FIG. 2 is applicable for providing the
structure depicted in FIG. 7 with the exception that the
method of forming the structure depicted in FIG. 7 includes a
relaxed substrate 85.

0.133 Referring to FIG. 8, in another embodiment of the
present invention, a CMOS structure is provided incorporat
ing at least one field effect transistor (FET) 151 having a
uniaxial strain along the device channel 12 of a relaxed Sub
strate region 150 and at least one FET 149 having a uniaxial
strain along the device channel 12 of a biaxially strained
substrate region 160.
0134. The uniaxial strain in the relaxed substrate region
150 is provided by the combination of a strain inducing liner
152 atop the FET 151 and strain inducing wells 153 adjacent
to the FET 151. The strain inducing liner 152 and strain
inducing wells 153 may be processed to induce a tensile strain
on the device channel 12 of the relaxed semiconducting Sur
face 85, as described above with reference to FIG. 6, or to

induce a compressive strain on the device channel 12 of the
relaxed semiconducting surface 85, as described above with
reference to FIG. 7.

0.135 The uniaxial strain in the biaxially strained substrate
region 160 is provided by the combination of a strain inducing
layer 155 underlying the device channel 12 with a strain
inducing liner 161 and/or strain inducing wells 154. The
strain inducing layer 155 within the biaxially strained sub
strate region 160 may comprise silicon doped with carbon
(Si:C) or silicon germanium doped with carbon (SiGe:C) and
provide a compressive biaxially strained semiconducting Sur
face, as described above with reference to FIG. 3, or silicon

germanium (SiGe) and provide a tensile biaxially strained
semiconducting Surface, as described above with reference to
FIGS. 1 and 2. Isolation regions 170 comprising intrinsically
tensile strained or intrinsically compressively strained dielec
tric fill can increase the biaxial strain produced within the
biaxially strained substrate region 160.
0.136 The strain inducing wells 154 within the biaxially
strained substrate region 160 may comprise silicon germa
nium (SiGe), hence providing a compressive uniaxial strainto
the device channel 12 of the biaxially strained substrate
region 160, as described above with reference to FIGS. 2 and
3. The strain inducing wells 154 may also comprise silicon
doped with carbon (SiC) or silicon germanium doped with
carbon (SiGe:C), hence providing a tensile uniaxial Strain to
the device channel 12 of the biaxially strained substrate
region 160, as described above with reference to FIG.1. The
strain inducing liner 161 may be formed atop the FET 149 in
the biaxially strained substrate region 160 to provide a tensile
or compressive uniaxial strain to the device channel 12 of the
biaxially strained substrate region 160, as described above
with reference to FIGS. 1-3.

I0137 The CMOS structure depicted in FIG. 8 may be
formed using a method similar to the method used for pro
viding the CMOS structure depicted in FIG. 7, with the
exception that a strain inducing layer is not present in the
relaxed substrate region 150. Alternatively, a strain inducing
layer may be present in the relaxed substrate region 150 so
long as the semiconducting Surface overlying the strain
inducing layer is grown to a thickness greater than its critical
thickness.

0.138. The following examples have been provided to fur
ther illustrate the present invention and to demonstrate some
advantages that can arise therefrom. The examples have been
provided for illustrative purposes only and therefore the
present invention should not be limited to the examples
depicted below.
Example 1
Formation of Compressive or Tensile Dielectric Cap
ping Layer Atop Biaxially Strained SGOI Substrate
0.139. In this example, a dielectric capping layer (compres
sive or tensile strain inducing layer) was used to enhance the
drive current by introducing a uniaxial strain along the FET
channel. When such a dielectric capping layer is deposited
over an SGOI FET, the lattice structure was distorted in

response to the combination of a biaxial tensile strain and a
smaller uniaxial tensile or compressive stress. FIG. 9(a)
depicts a schematic description of biaxial tension strained Si.
in which the longitudinal lattice dimension (X-direction, par
allel to the channel) was equal to the transverse lattice dimen
sion (y-direction, in the same plane and perpendicular to the
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ducting layer, wherein the biaxial strain is a strain type
that is induced along a first direction that is parallel to the
channel length and is inducing along a second direction
that is perpendicular to the channel length, wherein a
magnitude of the biaxial strain in the first direction is
equal to a magnitude for the biaxial strain in the second
direction, and said strain type is either in compression or

device channel) and the normal lattice dimension (Z-direc
tion, out of the channel plane). FIG. 9(b) depicts the lattice
symmetry of the biaxial tension strained Si substrate depicted
in FIG. 9(a) with a superimposed uniaxial tensile strain along
the channel resulting in a larger longitudinal lattice dimen
sion than the transverse lattice dimension and the normal

lattice dimension. FIG. 9(c) depicts the lattice symmetry of
the biaxial tension strained Si substrate depicted in FIG. 9(a)
with a Superimposed uniaxial compressive strain along the
channel resulting in a larger transverse lattice dimension than
the longitudinal lattice dimension and the normal lattice
dimension.

0140. Devices were fabricated with stress inducing dielec
tric capping layers (strain inducing liners) on 300 mm diam
eter thermally mixed ultra-thin SGOI substrates. The sub
strates displayed excellent uniformity in Ge mole fraction
Ge and thickness across the wafer (Std. Dev of Ge was
0.18% across the 300 mm diameter substrate and the Std. Dev
of the substrate thickness was 0.85 nm across the 300 mm

diameter substrate). FETs (n-type and p-type) were provided
on the Substrates having a 55 nm channel length. Tensile or
compressive dielectric capping layers (Strain inducing liners)
were then formed atop the FETs.

I0141 FIG. 10 depicts I, V. I measurements for nFET

devices 200 having tensile longitudinal strain (parallel to the
device channel), Super-imposed by a tensile strain inducing
dielectric capping layer, and nFET devices 250 having a
compressive longitudinal Strain (parallel to the device chan
nel), Super imposed by a compressive strain inducing dielec
tric capping layer. A power Supply Voltage of 1.0 V was

applied to the nFET devices provided the I. V. I data

depicted in FIG. 10. Uniaxial tension further enhanced cur
rent drive of strained SinFET devices. FIG. 10 depicts that an
SGOInFET can obtain approximately a 10% enhancement in
drive current with a change of the dielectric capping layer
from a compressive strain inducing dielectric capping layer to
a tensile strain inducing dielectric capping layer.

I0142. Referring to FIG. 11, I., v. I was then measured for

pFET devices 300 having tensile longitudinal strain (parallel
to the device channel), Super-imposed by a tensile strain
inducing dielectric capping layer, and pFET devices 350 hav
ing a compressive longitudinal strain (parallel to the device
channel), Super-imposed by a compressive strain inducing
dielectric capping layer. A power Supply Voltage of 0.9 V was

applied to the pFET devices providing the I. V. I data

depicted in FIG. 11. Uniaxial compression further enhances
current drive of strained SipRET devices. FIG. 11 depicts that
an SGOI pFET can obtain approximately a 5% enhancement
in drive current with a change of the dielectric capping layer
from a tensile strain inducing dielectric capping layer to a
compressive strain inducing dielectric capping layer.
0143. While the present invention has been particularly
shown and described with respect to preferred embodiments
thereof, it will be understood by those skilled in the art that the
foregoing and other changes in forms and details may be
made without departing from the spirit and scope of the
present invention. It is therefore intended that the present
invention not be limited to the exact forms and details

described and illustrated, but fall within the scope of the
appended claims.
1. A semiconducting device comprising:
a Substrate comprising a strained semiconducting layer
atop a strain inducing layer, wherein said strain inducing
layer produces a biaxial strain in said strained semicon

tension;

a source region and a drain region located within said
strained semiconductor layer,
at least one gate region including a gate conductor atop a
device channel portion of said strained semiconducting
layer of said Substrate, said device channel portion sepa
rating said source and drain regions;
and

strain inducing wells adjacent said at least one gate region,
wherein each of said strain inducing wells is embedded
in and Surrounded by said source region or said drain
region and comprises a different material than said
Source and drain regions, said strain inducing wells pro
duce a uniaxial strain in a direction parallel to a length of
said device channel portion of said strained semicon
ducting layer, wherein the uniaxial strain is of the strain
type and is greater in the first direction that is parallel to
the channel length than the second direction that is per
pendicular to the device channel.
2. The semiconducting device of claim 1 wherein said
strain inducing layer comprises SiGe having Ge present in a
concentration ranging from about 5% to about 50% and pro
duces said biaxial strain of said strain type in said strained
semiconducting layer intension, wherein said strain inducing
wells comprise silicon doped with carbon or silicon germa
nium doped with carbon and are in compression, wherein said
strain inducing wells in conjunction with said strain inducing
layer provide said uniaxial strain of said strain type intension
in the direction parallel to the length of said device channel
portion.
3. The semiconducting device of claim 1 wherein said
strain inducing layer comprises silicon doped with carbon,
said carbon is present in a concentration ranging from about
1% to 6% percent, and produces said biaxial strain of said
strain type in said strained semiconducting layer in compres
sion and said strain inducing wells comprise SiGe, wherein
said strain inducing wells in conjunction with said strain
inducing layer provide said uniaxial strain of said strain type
in compression in a direction parallel to said device channel.
4. The semiconducting device of claim 2 further compris
ing isolation regions comprising an intrinsically tensile
strained dielectric material, wherein said intrinsically tensile
strained dielectric material increases said biaxial strain of

said strain type in said strained semiconducting layer in ten
S1O.

5. The semiconducting device of claim 3 further compris
ing isolation regions comprising intrinsically compressive
strained dielectric material, wherein said intrinsically com
pressive strained dielectric material increases said biaxial
strain of said strain type in said strained semiconducting layer
in compression.
6. A semiconducting device comprising:
a semiconducting Substrate;
a source region and a drain region located within said
semiconducting Substrate;
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at least one gate region including a gate conductor atop a
device channel portion of said semiconducting Sub
strate, said device channel portion separating said source
and drain regions;
strain inducing wells adjacent said at least one gate region,
wherein each of said strain inducing wells is embedded
and Surrounded by said source region or said drain
region and comprises a different material than said
Source and drain regions; and
a strain inducing liner positioned directly on said straining
inducing wells and top surfaces of said source region and
said drain region, wherein said strain inducing liner and
said strain inducing wells in said semiconducting Sub
strate introduce a uniaxial strain in the device channel

portion in a direction parallel to a length of said device
channel portion, wherein the uniaxial strain is of a ten
sile stress or a compressive stress that is greater in a
direction that is parallel to a channel length than in the
direction that is perpendicular to the device channel.
7. The semiconducting device of claim 6 wherein said
strain inducing liner comprises oxides, doped oxides,
nitrides, Al-O, Hfo, ZrO, or HfSiO.
8. The semiconducting device of claim 7 wherein said
semiconducting Substrate comprises a biaxial compressive
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strain induced by an underlying strain inducing liner com
prising silicon doped with carbon, said carbon is present in a
concentration ranging from about 1% to 6%, said strain
inducing wells comprise SiGe, wherein said uniaxial strain is
in compression.
9. The semiconducting device of claim 6 wherein said
semiconducting Substrate has a relaxed crystalline structure

comprising Si, strained Si, SiC. Si-Ge.C., SiGe. Si

alloys, Ge, Ge alloys, GaAs, InAS, InP, silicon-on-insulator
substrates (SOI) or SiGe-on-insulator (SGOI) substrates.
10. The semiconducting device of claim 9 wherein said
strain inducing liner and said strain inducing wells have an
internal tensile strain, said strain inducing wells comprising
silicon doped with carbon or silicon germanium doped with
carbon, wherein said strain inducing liner in combination
with said strain inducing wells produce a tensile uniaxial
strain parallel to said device channel portion of said semicon
ducting Substrate.
11. The semiconducting device of claim 9 wherein said
strain inducing liner and said strain inducing wells comprise
an internal compressive Strain, said strain inducing wells
comprising SiGe, wherein said uniaxial strain is in
compression.

