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SEMICONDUCTOR DEVICES HAVING STRAINED DUAL CHANNEL LAYERS -

TECHNICAL FIELD

The invention generally relates to semiconductor devices, and, more particularly, to
the fabrication and structure of semiconductor devices that include channels formed in two

or more strained layers of different composition.
RELATED APPLICATIONS

This application claims benefit of and priority to U.S. Provisional Patent Application
Serial No. 60/311,188, filed June 7, 2002, the entire content of which is incorporated herein

by reference.
BACKGROUND INFORMATION

Metal-oxide-semiconductor field-effect transistors (MOSFETSs) having a channel formed -
in strained semiconductor, for example, in strained silicon formed on relaxed Siy«Ge,, can
exhibit improved carrier mobility in comparison to traditional MOSFETs. To provide
compatibility with traditional silicon-based fabrication equipment and methods, "virtual
substrates,” which include a strained semiconductor, can be used in place of conventional

silicon wafers.

Virtual substrates based on silicon (Si) and germanium (Ge) provide a platform for new
generations of very large scale integration (VLSI) devices that exhibit enhanced performance
in comparison to devices fabricated on bulk Si substrates. An important component of a SiGe
virtual substrate is a layer of SiGe that has been relaxed to its equilibrium lattice constant

(i.e., one that is larger than that of Si.)

The relaxed SiGe layer can be directly applied to a Si substrate (e.g., by wafer
bonding or direct epitaxy), or atop a relaxed graded SiGe buffer layer in which the lattice
constant of the SiGe material has been increased gradually over the thickness of the layer.
The SiGe virtual substrate may also incorporate buried insulating layers, in the manner of a

silicon-on-insulator (SOI) wafer.

To fabricate high-performance devices on these platforms, thin strained layers of

semiconductors, such as Si, Ge, or SiGe, are grown on the relaxed SiGe virtual substrates.
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The resulting biaxial tensile or compressive strain alters the carrier mobilities in the grown

layers, enabling the fabrication of high-speed and/or low-power-consumption devices.

One technique suitable for fabricating strained Si wafers can include the following

. steps:

1. Providing a silicon substrate that has been edge polished;

2. Epitaxially depositing a relaxed graded SiGe buffer layer to a final Ge
composition on the silicon substrate;

3. Epitaxially depositing a relaxed Si;..Geyx cap layer having a constant composition
on the graded SiGe buffer layer;

4, Planarizing the Si.,Gey cap layer by, e.g., chemical mechanical polishing
(CMP);

5. Epitaxially depositing a relaxed Si;.xGe, regrowth layer having a constant
composition on the planarized surface of the Si;«Ge, cap layer; and

6. Epitaxially depositing a strained silicon layer on the Si;.xGe, regrowth layer.

The deposition of the relaxed graded SiGe buffer layer enables engineering of the in-
plane lattice constant of the SiGe cap layer (and therefore the amount of strain in the
strained silicon layer), while reducing the introduction of dislocations. The lattice constant

of SiGe is larger than that of Si, and is a function of the amount of Ge in the SiGe alloy.

As a lattice-mismatched layer (such as a SiGe layer on Si, or a Si channel layer on a
relaxed SiGe layer) is deposited, the layer will initially be strained to match the in-plane
lattice constant of the underlying silicon substrate. Above a certain critical thickness of the
lattice-mismatched layer, however, misfit dislocations form at the layer interface. The layer
can relax to its inherent lattice constant due to mismatch accommodation by the misfit

dislocations.

The process of relaxation occurs through the formation of the misfit dislocations at
the interface between two lattice-mismatched layers. The misfit dislocations accommodate
the lattice mismatch at the interface. Moreover, misfit dislocations are associated with bulk
lattice dislocations that extend from each end of a misfit dislocation (termed "threading
dislocations”). A threading dislocation can rise through the crystal to reach a top surface of

the wafer.

A structure that incorporates a compressively strained SiGe layer in tandem with a

tensilely strained Si layer can provide enhanced electron and hole mobilities. In this "dual
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channel layer" structure, electron transport typically occurs within a surface tensilely
strained Si channel and hole transport occurs within a compressively strained SiGe layer

below the Si layer.

Complementary metal-oxide silicon (CMOS) circuit design is simplified if carrier
mobilities are enhanced equally for both NMOS and PMOS devices. In conventional silicon-
based devices, electron mobilities are approximately two times greater than hole mobilities.
As noted, electron mobilities have been substantially increased with strained silicon. Methods
for equally increasing hole and electron mobilities by forming dual-channet NMOS and PMOS
devices on the same substrate are problematic, in part because of different surface strained-

silicon thickness requirements for the two types of devices.

Moreover, SiGe-based substrates can increase the complexity of device fabrication.
For example, the electronic defects and fast diffusion pathways that misfit dislocations can
introduce into a substrate can be detrimental for device fabrication and performance. Also,
for example, the concentration profile of a Si-SiGe interface can deteriorate due to diffusion
that occurs during elevated temperature processing steps. Thus, for example, the desired
hole mobility enhancement of a SiGe channel layer can be substantially less than theoretical

predictions suggest.

SUMMARY OF THE INVENTION

The invention involves structures and fabrication methods for circuits that include
semiconductor devices having a dual channel layer. In some embodiments of the invention,
the dual channel layer has layer thicknesses and layer compositions that may optimize
electron and hole mobilities in the channel while reducing the presence of misfit dislocations
and the related problems they cause. To accomplish this, a SiGe channel layer may be
provided with a Ge atomic % concentration approximately 30 percentage points greater than
an underlying relaxed substrate SiGe layer, while channel layer thicknesses are near or less
than their critical thicknesses that would lead to misfit dislocation formation. The strain

level of SiGe channel layers thus produced is approximately 1.2%.

In some embodiments of the invention the surface layer, for example, silicon, of the
dual channel layer is deposited to a lesser thickness on regions of a substrate that will be

used for PMOS device fabrication. Thus, detrimental effects of the surface layer on PMOS
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device performance are reduced. Moreover, process steps directed to removing a portion of

the thickness of the surface layer in such regions are not required.

In some embodiments of the invention, the dual channel layer is formed after some or
all higher temperature processing steps are completed through use of a temporary dummy
gate. Thus, the elemental concentration profile of the channel layers is substantially

preserved.

For use in NMOS transistors, the dual channel layer structure preferably includes a
silicon layer that overlies and is preferably in contact with a Si1.yGey or germanium layer. The
silicon layer preferably is in contact with a gate dielectric. In cases in which the channel
layers for NMOS and PMOS transistors are provided separately, the underlying Siy.,Gey or
germanium layer may be absent for NMOS transistors. For use in PMOS transistors, the dual
channel layer structure preferably includes a very thin or absent silicon layer that overlies
and is preferably in contact with a Siy.,Ge, or germanium layer. The silicon layer, if present,
preferably is in contact with a gate dielectric. If the silicon layer is absent, the Siy.,Gey or

germanium layer preferably is in contact with a gate dielectric.

Accordingly, in a first aspect, the invention features a semiconductor structure. The
semiconductor structure includes a strain-inducing substrate layer having a germanium
concentration of at least 10 atomic %. The semiconductor structure also includes a
compressively strained layer on the strain-inducing substrate layer. The compressively
strained layer has a germanium concentration at least approximately 30 percentage points
greater than the germanium concentration of the strain-inducing substrate layer, and has a
thickness less than its critical thickness. The semiconductor structure also includes a
tensilely strained layer on the compressively strained layer. The tensilely strained layer may

be formed from silicon having a thickness less than its critical thickness.

The compressively strained layer has a strain level of at least approximately 1.2%, and
the tensilely strained layer has a strain level of at least approximately 0.4%. The
semiconductor structure can be formed on a virtual substrate that includes a buried insulator
layer. The strained layers can be disposed over a relaxed strain-inducing substrate layer of at

least 10 atomic % which in turn is disposed over the buried insulator layer.

Alternatively, the semiconductor structure can be formed directly on the buried
insulator layer by a technique such as wafer bonding. In this case, the strains in the layers

are induced by a substrate as described above, the layers are bonded to an insulator layer,
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and the original strain-inducing layer is removed. In this manner, the desired strain levels are
obtained in the layer structure, and the strain is completely maintained by the strong
interface with the buried insulator layer. Both the tensilely strained layer and the
compressively strained layer may be bonded to the insulator layer together. Alternatively, a
single layer may be bonded to the insulator layer, and the other layer may be provided by a

technique such as epitaxial growth by chemical vapor deposition.

The structure may further include at least one p-channel component that primarily
utilizes the compressively strained layer for a p-channel, and at least one n-channel
component that primarily utilizes the tensilely strained layer for a n-channel. The at least
one p-channel component may be a p-channel transistor, and the at least one n-channel

component may be an n-channel transistor.

In a second aspect, the invention features a method for fabricating a semiconductor
structure. The method includes providing a substrate, providing a compressively strained
semiconductor on the substrate, depositing a tensilely strained semiconductor adjacent the
substrate until a thickness of a first region of the tensilely strained semiconductor is greater
than a thickness of a second region of the tensilely strained semiconductor, forming a n-
channel device on the first region, and forming a p-channel device on the second region.
Thickness of the second region may be sufficiently small such that most of a charge carrier
movement in a channel of the p-channel device moves in the compressively strained

semiconductor.

The tensilely strained semiconductor may be deposited by forming at least a portion of
the thickness of the first region of the tensilely strained semiconductor by depositing a first
precursor and reacting a second precursor with the first precursor, whereby the first and
second regions are provided with different thicknesses. The precursor deposition steps may

be repeated to complete the thickness of the first region.

The tensilely strained semiconductor may be deposited by simultaneously depositing
the second region of the tensilely strained semiconductor and an initial portion of the
thickness of the first region of the tensilely strained semiconductor. The remainder of the
thickness of the first region of the tensilely strained semiconductor may subsequently be

deposited.

In a third aspect, the invention features a method for fabricating a semiconductor

structure. The method includes providing a substrate comprising a strain-inducing layer,
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forming a dummy gate structure on the strain-inducing layer, removing the dummy gate to
expose a portion of the strain-inducing layer, and depositing a tensilely strained
semiconductor adjacent the strain-inducing layer. A compressively strained semiconductor
may be deposited before and under the tensilely strained semiconductor to provide a dual

channetl layer.

Alternatively, a tensilely strained semiconductor may be deposited in conjunction with
a first dummy gate structure and a compressively strained semiconductor may be deposited in
conjunction with a second gate structure. For example, the first gate structure may support

fabrication of a NMOS device and the second may support fabrication of a PMOS device.

The method may include forming a source and a drain in the substrate prior to
depositing the compressively strained semiconductor, whereby a concentration profile of the
compressively strained semiconductor is effectively preserved. The preserved concentration
profile may have an interface abruptness of better than one decade, i.e., an order of
magnitude of change of the atomic concentration of a semiconductor species such as Si or Ge,
per nanometer of depth. In some implementations, the interface abruptness may be better
than two decades per nanometer. Similarly, the method may include forming contacts on the
source and drain prior to depositing the compressively strained semiconductor. The method
may include a plurality of process steps after depositing the tensilely strained semiconductor
and/or compressively strained semiconductor, such that none of the plurality of process steps

occurs at temperatures greater than approximately 600°C.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, like reference characters generally refer to the same parts
throughout the different views. Also, the drawings are not necessarily to scale, emphasis

instead generally being placed upon illustrating the principles of the invention.

FIG. 1 is cross-sectional view of a portion of an embodiment of a semiconductor

structure.

FIG. 2 is a flowchart of an embodiment of a method for fabricating a semiconductor

structure.

FIG. 3 is a cross-sectional view of an embodiment of a transistor.
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FIG. 4 is a cross-sectional view of an embodiment of a structure that inctudes a PMOS

transistor and a NMOS transistor.

FIG. 5 is a flowchart of an embodiment of a method for fabricating a semiconductor

structure.

FIG. 6 is a cross-sectional view of a portion of a device embodiment having a dual
channel layer and the corresponding theoretical and post-processing germanium

concentration profiles in the dual channel layer.

FIG. 7 is a flowchart of an embodiment of a method for fabricating a semiconductor

structure.

FIGS. 8a through 8b are cross-sectional views of an embodiment of a MOSFET at

various stages of fabrication associated with the method illustrated in FIG. 7.

DESCRIPTION

The invention provides improved semiconductor dual channel layer designs and
fabrication methods. Various features of the invention are well suited to applications
utilizing MOS transistors that include, for example, Si, Si;.xGex and/or Ge layers in and or on a

virtual substrate.

The term *"MOS” is used in this description to refer generally to semiconductor devices
that include a conductive gate spaced at least by an insulating layer from a semiconducting
channel layer. The terms “SiGe” and “Si;.\Ge,” are used in this description interchangeably
to refer to silicon-germanium alloys. The term “silicide” is used in this description to refer to
a reaction product of a metal, silicon, and optionally other components, such as germanium.
The term “silicide” is also used, less formally, to refer to the reaction product of a metal

with an elemental semiconductor, a compound semiconductor or an atloy semiconductor.

The term "virtual substrate” may refer to a substrate comprising a relaxed strain-
inducing semiconductor layer, such as SiGe, or may refer to a substrate comprising an
insulator layer which maintains pre-induced strains in subsequently provided layers. The
strain levels thus maintained are analogous to those induced by a strain-inducing
semiconductor layer. For example, the strain induced by a Ge concentration difference of
approximately 30% is approximately 1.2%. A 1.2% strain can also be applied to a strained

layer, the layer can be bonded to an insulator layer, and the strain level can be maintained
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without the presence of the original strain-inducing layer. Thus, language specifying the Ge
content of the virtual substrate layer may also apply interchangeably to equivalently strained
semiconductor layers disposed over an insulating substrate, where the strain in the

semiconductor layers is maintained by the strong interface with the buried insulator layer.

With reference to FIG. 1, some general principles of the invention are described in
broad overview. FIG. 1 is a cross-sectional view of a portion of an embodiment of a
semiconductor structure 100. The structure 100 includes a dual channel layer 110 and
strain-inducing substrate layer 130. The dual channel layer 110 includes a tensilely strained
layer 111 and a compressively strained layer 112. The structure can include one or more
devices, such as MOSFETSs as described with reference to see FIGS. 3 and 4, which can share

the dual channel layer 110.

As described in more detail below, the dual channel layer 110, in various
implementations of the invention, has preferred layer thicknesses, preferred layer
compositions, and/or preferred fabrication process steps. A shared dual channel layer 110
can be continuous or discontinuous depending on the fabrication steps of the particular
implementation of the invention. l.e., the shared dual channel layer 110 can optionally
extend continuously between two or more devices, or individual devices may be associated
with spaced portions of the dual channel layer 110. The various implementations of the
invention can optimize improved electron and hole mobilities in a dual channel while

reducing the presence of heterojunction misfit dislocations.

The channel layer 110 may include one or more intermediate layers 113, though
preferably the compressively strained layer 112 and the tensilely strained layer 111 are in
contact with each other. Further, the tensilely strained layer 111 is preferably in contact
with a dielectric layer 120, which can serve as a gate dielectric. Optionally, dielectric layer
120 may be in contact with compressively strained layer 112 in some regions, i.e., the

tensilely strained layer 111 may be thinner or absent in some portions of the structure 100.

The channel layer 110 is in contact with the underlying strain-inducing substrate layer
130. The strain-inducing substrate layer 130, such as a relaxed SiGe layer, can control, in
part, the level of strain in the compressively strained layer 112 and the tensilely strained

layer 111.

With reference to FIG. 2, dual channel layer fabrication according to some principles

of the invention are described in broad overview. FIG. 2 is a flowchart of an embodiment of
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a method 200 for fabricating a semiconductor structure. The method 200 may be utilized to
fabricate the structure 100. Although dual channel layers may be formed from a variety of
semiconductor materials, the descriptions provided herein will focus on implementations that

utilize silicon, germanium, and SiGe.

The method 200 includes providing a strain-inducing substrate layer (Step 210), such
as the layer 130, depositing a compressively strained layer (Step 220), such as the layer 112,
on the strain-inducing substrate layer, and depositing a tensilely strained layer (Step 230),
such as the layer 111, on the compressively strained layer. The substrate layer is formed of
SiGe having a germanium concentration of at least approximately 10 atomic %. The substrate
layer may be a relaxed SiGe layer of a virtual substrate. The concentration of Ge is chosen to
provide a satisfactory amount of electron mobility enhancement in an overlying channel

layer, for example, the tensilely strained layer 111.

Deposition may be accomplished, for example, by any suitable epitaxial deposition
system, including, but not limited to, atmospheric-pressure CVD (APCVD), low- (or reduced-)
pressure CVD (LPCVD), ultra-high-vacuum CVD (UHVCVD), or by molecular beam epitaxy. The
epitaxial growth system may be a single-wafer or multiple-wafer batch reactor. The growth

system also may utilize a low-energy plasma to enhance the layer growth kinetics.

The compressively strained layer is formed from SiGe with a germanium concentration
of at least approximately 30 percentage points greater than the germanium concentration of
the strain-inducing substrate layer. The germanium concentration differential between the
compressively strained layer and the strain-inducing substrate {ayer is chosen to provide a
satisfactory level of hole mobility in the compressively strained layer. In various alternative
implementations, the germanium concentration is: at least approximately 35 percentage
points greater; at least approximately 40 percentage points greater; at least approximately
45 percentage points greater; at least approximately 50 percentage points greater; or at least

approximately 55 percentage points greater.

Further, the compressively strained layer is deposited to a thickness less than that
which would cause significant formation of misfit dislocations at the heterojunction interface
between the compressively strained layer and the strain-inducing substrate layer. Thus, the
thickness of the compressively strained layer may be chosen to be near or less than its critical
thickness. yAs known to one having ordinary skill in the semiconductor deposition arts, the

critical thickness of a SiGe film grown on a SiGe layer is in part a function of the compressive
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stress applied to the SiGe film by the underlying SiGe layer. l.e., the critical thickness of the
SiGe film is a function of both the germanium concentration of the SiGe film and the

germanium concentration of the SiGe layer.

As known to one having ordinary skill, the critical thickness can be theoretically
calculated. It is preferable, however, to determine the critical thickness of a layer ;/ia
experimental means. For example, a SiGe layer having 50 atomic % Ge grown on a relaxed
SiGe substrate having 20 atomic % Ge has a theoretic critical thickness of approximately 8nm,
but experimentally will exhibit a critical thickness in a range of approximately 5 nm to 10 nm.
For example, a Si layer grown on a relaxed SiGe substrate having 20 atomic % Ge has a
theoretic critical thickness of approximately 13 nm, but experimentally will exhibit a critical

thickness in a range of approximately 11 nm to 16 nm.

The tensilely strained layer may be formed of silicon. As for the compressively
strained layer, the tensilely strained layer is deposited until its thickness is less than that
which would lead to significant formation of misfit dislocations at the heterojunction
interface between the tensilely strained layer and the compressively strained layer (e.g., an
experimentally determined thickness in a range of approximately 11 nm to 16 nm when grown
adjacent to a strain-inducing substrate layer having 20 atomic % Ge, as described in the
previous paragraph.) Thus, the thickness of the tensilely strained layer is near to or less than
its critical thickness, as controlled in part by the stress imposed on the tensilely strained

layer due to the presence of the underlying strain-inducing substrate layer.

Alternatively, after the steps of method 200, the dual channel layer 110 may be
bonded to an insulator, after which the strain-inducing substrate layer is removed. The strain

levels in the layers are maintained via the bonding to the insulator.

The magnitude of strain in a strained layer may be estimated as follows. The lattice
spacing of Ge is approximately 4% greater than the lattice spacing of Si. Therefore, a thin
layer of silicon strained by a thick Ge substrate layer has a strain of approximately 4%.
Similarly, the strain of a strained layer may be estimated by multiplying 4% by the difference
in Ge concentration between the strained layer and an underlying layer. Thus, for example,
a strained layer having 70% Ge has a strain of approximately 2% when grown on a substrate

layer having 20% Ge.

Table | lists some preferred values and ranges of values of germanium concentration

and layer thicknesses for the above-described layers in a semiconductor structure
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(concentration in atomic % and thickness in nanometers.) These values provide an effective
level of electron and hole mobility enhancement and a reduction of misfit dislocation density.
The specific values listed should not be construed as limiting the bounds of various

implementations of the invention, so long as principles of the invention are fulfilled.

Preferred thickness preferred Ge concentration
tensile layer 5to 35 0
tensile layer 12 to 20 0
compressive layer 3to15 > (substrate layer + 30)
compressive layer 3to8 2 (substrate layer + 50)
substrate layer 10 to 30
substrate layer 15 to 20
Table |

Referring again to FIG. 1, in one implementation of the structure 100, the tensilely
strained layer 111 is a silicon layer under a tensile strain, the compressively strained layer
112 is a germanium or Siy.,Ge, layer under a compressive strain, and the compressively

strained layer 112 is in contact with the strain-inducing substrate layer 130.

The strain-inducing substrate layer 130 includes a relaxed Si;.,Ge, layer having a lower
concentration of germanium than that of the compressively strained layer 112. Thus, strain
in the tensilely strained layer 111 is largely determined by the concentration of germanium in
the relaxed Si1.«Ge, layer, while the strain in the compressively strained layer 112 is largely
determined by the difference in germanium concentration between the compressively

strained layer 112 and the relaxed Si;\Ge strain-inducing substrate layer 130.

The tensilely strained layer 111 preferably has a thickness minimally sufficient to
support electron conduction, that is, to provide an n-channel for one or more NMOS
components. For a silicon layer of the presently described implementation, the silicon

thickness is approximately 5 nm.

For silicon thicknesses less than approximately 4 nm, some loss of electron mobility
will generally occur. Hole mobility in the dual channel layer 110, however, generally

benefits from use of a tensilely strained layer 111 having a lesser thickness. Moreover, a
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PMOS device may benefit by minimizing the thickness of the tensilely strained layer 111. For
example, in the region of a PMOS device the dual channel layer 110 may be provided with a
silicon tensile layer of less than 5nm. The silicon tensile layer still has a sufficient thickness
to provide a good interface with a gate dielectric material. In some embodiments, in the
region of a PMOS device the dual channel layer 110 may be provided without a silicon tensile
layer, and a gate dielectric material forms a good interface with the compressively strained
layer 112. The gate dielectric material may comprise a high-k material with a higher

dielectric constant than that of silicon dioxide, for example SiON, HfO,, ZrO,, La,0;, or Al,0;.

The channel layer 110 provides enhanced hole mobility, in part provided by the
compressively strained germanium or Si;,Geylayer. The compressively strained layer 112, in
this implementation, has a band-gap offset relative to both the tensilely strained layer 111
and the relaxed SiGe strain-inducing substrate layer, which can promote confinement of an
extended hole wave function within the compressively strained layer 112. This effect can

further promote enhanced hole mobility for a p-channel component in the structure 100.

The above-described implementation provides enhanced hole mobility via a number of
means. For example, a compressively strained Siy.,Gey layer has a greater hole mobility than

an unstrained Si;.,Ge, layer. A greater Ge concentration can also enhance hole mobility.

Further, reduction or elimination of misfit dislocations by selection of layer
thicknesses that are less than the respective layer critical thickness provides benefits beyond
that of mobility enhancement. For example, electronic defects and enhanced diffusion

pathways may be greatly reduced, thus improving manufacturability and device performance.

An implementation of the invention having a compressively strained layer 112 of
germanium can lead to stresses in a tensilely strained layer 111 of silicon that will lead to
partial or complete relaxation of the silicon via dislocation formation. A pure germanium
compressively strained layer 112 is preferably formed on a strain-inducing substrate layer
130 having a relatively high concentration of germanium; the high concentration strain-
inducing substrate layer 130 will generally have a relatively very high lattice mismatch
relative to the silicon of the tensilely strained layer 111. Thus, the tensilely strained layer

111 is subjected to a high tensile stress.

Reduction in the concentration of germanium in the strain-inducing substrate layer
130 and related reduction in the concentration of germanium in the compressively strained

layer 112 can substantially reduce or eliminate relaxation of the tensilely strained layer 111
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while preserving desirable layer thicknesses. Thus, a desirable level of tensile stress in the

tensilely strained layer 111 can be maintained.

For example, a strain-inducing substrate layer 130 of relaxed SiGe having a
composition of approximately 20 atomic % Ge can be used in combination with a
compressively strained layer 112 having a composition in a range of approximately 50 atomic
% Ge to approximately 80 atomic % germanium. Reduced stress in a silicon tensilely strained
layer 111 having a sub-critical thickness can then preserve the benefits of a tensilely strained

silicon layer.

As another alternative, the tensilely strained layer 111 can be reduced in thickness
when used in combination with a strain-inducing substrate layer 130 having a relatively large
lattice mismatch that will cause a correspondingly large stress in the tensilely strained layer
111, Thus, some thickness of the tensilely strained layer 111 can be sacrificed to preserve a
tensile strain in the tensilely strained layer 111, i.e., by reducing or eliminating the density

of misfit dislocations.

Referring to FIGS. 3 and 4, the dual channel layer 110 may provide both an n-channel
for at least one NMOS component and a p-channel for at least one PMOS component. The
components may be MOS transistors, for example, NMOS and PMOS transistors in an inverter.
As described above, the channel layer 110 provides a dual channel via appropriate selection,

in part, of layer thicknesses and compositions.

FIG. 3 is a cross-sectional view of an embodiment of a transistor 300 that can be
included in a structure, such as the structure 100, according to principles of the invention.
The transistor 300 includes a gate contact 350, source and drain silicide contacts 340, a gate
oxide layer 320, a dual channel layer (optionally shared with other components in the
structure) including a tensilely strained silicon layer 311 and a compressively strained Sis.,Gey
layer 312, a strain-inducing relaxed Si;.xGe, substrate layer 330, and a silicon substrate 360.
Alternatively, a dielectric layer may be present below instead of the strain-inducing relaxed
Si;.xGey substrate layer 330. The gate contact 350 can include a doped conductive
polycrystalline silicon (“polysilicon”) lower portion 351 proximal to the gate oxide 320 and a
gate silicide upper portion 352. Alternatively, the gate contact 350 may be formed of
another conductive material, such as a doped semiconductor, e.g., polycrystalline SiGe; a
metal, e.g., titanium (Ti), tungsten (W), molybdenum (Mo), tantalum (Ta), or iridium (Ir); or

metal compounds that provide an appropriate workfunction, e.g., titanium nitride (TiN),
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titanium silicon nitride (TiSiN), tungsten nitride (WN), tantalum nitride (TaN), tantalum

silicide (TaSi), nickel silicide (NiSi), or iridium oxide (Ir0y),.

The tensilely strained silicon layer 311 and the compressively strained Si1.,Gey layer
312 may be epitaxially grown on the relaxed Si;.,Ge, layer 330. The source and drain
contacts 340 can be formed, for example, by depositing a metal layer and reacting the metal

layer with the channel layer and the relaxed SiGe layer 360.

The gate oxide 320 is formed on the silicon tensilely strained layer 311, in some
embodiments consuming a portion of the surface of the strained silicon. The dielectric layer
320 can be formed by various methods conventional in the art, e.g., thermal oxidation or a

deposition technique.

The gate oxide 320 can be, for example, a 1.0 to 10.0 nm thick layer of silicon
dioxide. Other embodiments include other suitable dielectric materials, e.g., silicon
oxynitride, silicon nitride, a plurality of silicon nitride and silicon oxide layers, or a high-k
dielectric. Alternative dielectric materials may be employed when, for example, a thin
effective gate oxide thickness is desired, for example, equivalent to an SiO, layer thickness of

2.0 nm or less.

The transistor 300, according to principles of the invention, can be implemented as a
NMOS or a PMOS component. The transistor 300 can include, for example, different doping
types and levels in the source, drain, and channel layer regions. A structure can thus include
NMOS and PMOS transistors 300, utilizing a common dual channel layer, and both NMOS and

PMOS components can provide improved channel performance.

Referring now to FIG. 4, features of the invention are described that permit different
as-deposited dual channel layer thicknesses for p-channel and n-channel devices. FIG. 4 is a
cross-sectional view of an embodiment of a structure 400 that includes a PMOS transistor
300A and a NMOS transistor 300B. The transistors 300A, 300B have structures and
compositions similar to those of the embodiment described with respect to FIG. 3. A dual
channel layer shared by each of the transistors, however, may have a different as-deposited
thickness of the tensilely strained material for the different transistor types, i.e., PMOS
versus NMOS. For one transistor type, the tensilely strained material may be absent, e.g., in
a PMOS device. For one transistor type, the compressively strained material may be absent,

e.g., in an NMOS device.
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The transistors 300A, 300B include gate contacts 350A, 350B, source and drain
silicide contacts 340A, 340B, and gate oxide portions 320A, 320B. The transistors 300A,
300B share a dual channel layer 410 that optionally includes a  Siy,Ge, compressively
strained layer 412 and/or a silicon tensilely strained layer 411. The structure 400 also

includes a Siy.«Ge relaxed strain-inducing substrate layer 430 and a silicon substrate 460.

The structure 400 includes an n-type implanted dopant well 420, within which the
PMOS transistor 300A resides. The dopant well 420 can be formed via any of a variety of
methods known in the semiconductor fabrication arts. The transistors 300A, 300B are

electrically isolated from each other via a shallow trench isolation (ST1) portion 490.

The portion 490 preferably is deep enough to cross the dual channel layer 410, ending
at least in the SiGe relaxed strain-inducing substrate layer 430. In other embodiments, the
portion 490 is absent or replaced by other isolation means. For example, one embodiment

includes semi-recessed oxide isolation (S-ROX) portions.

In one embodiment of the structure 400, the as-deposited silicon tensilely strained
layer 411 in the region of the PMOS transistor 300A is thinner than in the region of the NMOS
transistor 300B. The thinner region of the silicon tensilely strained layer 411 in this
implementation is indicated by the dashed line A in FIG. 4. This implementation can provide
a further enhancement of the hole mobility in the channel layer 410 for the PMOS transistor
300A, and can reduce undesirable effects of a thicker tensile layer in the dual channel layer
in the region of the PMOS transistor. In some implementations, the tensile layer 411 is
thinner or absent in the PMOS transistor 300A. In some implementations, the compressively

strained Siy,Ge, layer 412 may be absent for NMOS transistors.

FIG. 5 is a flowchart of an embodiment of a method 500 for fabricating a
semiconductor structure, such as the implementation of the structure 400 in which the dual
channel layer is thinner in the region of one or more PMOS devices. The method 500 may

also be utilized to fabricate the structure 100.

The method 500 includes providing a substrate (Step 510), for example, a substrate
that includes the strain-inducing the layer 130. A compressively strained semiconductor is
provided on the substrate (Step 520) and a tensilely strained semiconductor is deposited
adjacent to the substrate (Step 530). A n-channel device is formed on the first region (Step

540), and a p-channel device is formed on the second region (Step 550).
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The tensilely strained semiconductor is deposited until the tensilely strained
semiconductor has a first thickness in a first region and a second thickness in a second region.
The thickness in the first region of the tensilely strained semiconductor is greater than the
thickness of the second region of the tensilely strained semiconductor. Thus, the
compressively strained semiconductor and the tensilely strained semiconductor provide a dual
channel layer having regions of different tensile semiconductor thickness. The different
regions can be optimized for the different requirements of NMOS and PMOS devices. In one
embodiment, the tensilely strained semiconductor is absent in the second region and

deposited only in the first region.

The n-channel device formed on the first region primarily utilizes the tensilely
strained semiconductor for the n-channel, and the p-channel device formed on the second
region that primarily utilizes the compressively strained semiconductor for the p-channel. By
depositing the tensilely strained semiconductor until it has desired thicknesses in different
regions, fabrication of a semiconductor structure can be simplified. In particular, process
steps directed at thinning of the tensilely strained semiconductor in selected regions can be

avoided.

Any of several deposition methods may serve for deposition of a tensilely strained
semiconductor of different desired thicknesses in different regions. One preferred deposition
method is Atomic Layer Deposition (ALD). The general principles of ALD are known to one
having ordinary skill in the semiconductor deposition arts. In one suitable implementation of
ALD, a precursor material is first deposited in a region selected for film growth. The
precursor material is then exposed to a second precursor material that reacts with the first
precursor to give the desired material product, for example, silicon or SiGe. Other possible

deposition methods are, for example, APCVD, LPCVD, UHVCVD, or molecular beam epitaxy.

Multiple cycles of application of the first and second precursors may then provide a
film of a desired thickness. Different regions of the substrate may be selectively subjected to
different numbers of deposition cycles to obtain regions of tensilely strained semiconductor

of different desired thicknesses.

Referring to FIG. 6, FIG. 7 and FIGS. 8a through 8b, some fabrication methods,
according to principles of the invention, provide improved germanium concentration profiles
in a dual channel layer by reducing the exposure of the dual channel layer to elevated

temperature process steps. FIG. 6 shows a cross-sectional portion of a device 600 having a
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dual channel layer and corresponding theoretical and actual post-processing germanium
concentration profiles in the dual channel layer. The profiles illustrate the evolution of a
germanium concentration profile when features of the invention that help to preserve the

profile are not employed.

The dual channel layer includes a tensile silicon layer 111A, a compressive SiGe layer
112A, and a relaxed SiGe layer 130A. The dashed line illustrates an ideal germanium
concentration profile of the layers 111A, 112A, 130A. As shown, the compressive SiGe layer
112A has a greater germanium concentration than the neighboring layers 111A, 130A, and

abrupt concentration changes occur at the layer interfaces.

An illustrative germanium concentration profile as obtained after conventional
processing is illustrated by the solid line curve. The germanium concentration varies
gradually across the interfaces, rather than abruptly. The gradual variation arises due to
diffusion that occurs during processing steps having an elevated temperature, in particular,
those steps that occur above approximately 700°C. Referring to FIG. 7 and FIGS. 8a to 8d,
aspects of the invention that provide reduced blurring of heterojunction interfaces are
described. In accordance with these aspects of the invention, the abruptness of the
interfaces between layers 111A, 112A, and 130A can be greater than approximately one
decade per nanometer. In another embodiment, the interface abruptnesses are maintained

at greater than approximately two decades per nanometer,

FIG. 7 is a flowchart of a method 700 for fabricating a semiconductor structure in
accordance with an embodiment of the invention. The method 700 entails creation of a dual
channel layer at a stage in the fabrication process that reduces exposure to elevated
temperatures, in comparison to conventional fabrication methods. The method 700 includes
front-end VLS| processing steps (Step 702), “dummy gate” fabrication (Step 704), dielectric
layer deposition (Step 706) and planarization (Step 708), removal of the dummy gate (Step
710), strained channel layer deposition (Steps 712, 714), gate dielectric formation (Step
716), deposition of gate electrode material (Step 718), gate electrode definition (Step 720).
The gate electrode may be defined via photomasking and etching (Step 722) of the gate

electrode material. Gate electrode definition may include a CMP step (Step 724).

The method 700 commences with traditional front-end VLSI processing steps, such as,
for example, well formation and isolation (Step 702). After Step 702, a "dummy gate” is
fabricated (Step 704) in place of the ultimately desired gate electrode. As described below,
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the dummy gate is etched and replaced after some high temperature processing steps. The
dummy gate may include an insulating material such as SisN4 or other dielectric material, or a
conducting material such as polysilicon, poly-Ge, or metal. After dummy gate formation and
definition, other front-end processing steps such as spacer formation, source-drain implant,

and silicidation may occur.

In contrast to a typical MOSFET process in which the gate is separated from the
semiconductor substrate by a gate dielectric, the dummy gate is separated from the substrate
by an etch-stop layer. The etch-stop layer can be formed of Si0,, either thermally grown or
deposited, or another suitable material which allows the selective removal of the dummy

gate material.

Next, a dielectric layer may be deposited (e.g., by a CVD process) (Step 706) and
planarized (Step 708) by, for example, chemical mechanical polishing (CMP). This planarized

dielectric layer is typically formed from a different material then the dummy gate.

Next, the dummy gate is removed by a selective etching process (Step 710). The
etch-stop layer protects the substrate from this etching process. A wet or dry etch then

removes the etch-stop layer.

An example configuration includes a polysilicon dummy gate, an SiO, etch-stop layer,
Si3N4 spacers, and an SiO, planarization layer. This configuration allows selective removal of
the dummy gate with an etchant such as heated tetramethylammonium hydroxide ("TMAH"),
thereby leaving the Si0, and SisN, intact. The etch-stop is subsequently removed by a wet or
dry etch (e.g., by HF).

Next, the strained channel layers are deposited, for example, by a chemical vapor
deposition (CVD) process (Steps 712, 714). As described above, the dual channel layers may
be formed from Si, Ge, and SiGe. The gate dielectric is then thermally grown or deposited,
for example, by CVD, ALD, or oxidation (Step 716). Deposition of the gate electrode material
follows (Step 718), which can include, for example, doped or undoped polysilicon, doped or
undoped poly-SiGe, or metal. Since only the substrate portion formerly covered by the
dummy gate and etch stop is exposed, the dual channel layers, gate dielectric, and gate
electrode materials are only provided in this portion (between the spacers formed earlier).

In one alternative embodiment, the dual channel layer includes only a compressively strained
layer, for example for a PMOS device. In another alternative embodiment, the dual channel

layer includes only a tensilely strained layer, for example for an NMOS device.
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During the deposition of the gate electrode material, the gate electrode material may
also be deposited on top of the planarized dielectric layer provided in Steps 706 and 708. In
this case, the gate electrode is subsequently defined (Step 720). The gate electrode may be
defined by photomasking and etching (Step 722) of the gate electrode material.
Alternatively, gate electrode definition may include a CMP step (Step 724), where the gate

electrode material above the planarization layer is removed.

The method 700 permits high temperature processing steps, such as silicide formation
or dopant activation annealing, to occur prior to the deposition of the strained channel layers
(Steps 712, 714). Al processing steps subsequent to the deposition of the strained channel
layers may be limited to temperatures that have a relatively small impact on the Ge
concentration profile in the channel layers (for example, a highest subsequent processing

temperature of approximately 600°C, for oxide formation.)

FIGS. 8a through 8b are cross-sectional views of an embodiment of a MOSFET 800 at
various stages of fabrication associated with the method 700 of FIG. 7. The partially formed
MOSFET of FIG. 8a includes a dummy gate structure 922. The dummy gate includes an upper
portion 924 and an etch-stop portion 926.

The partially formed MOSFET further includes a substrate 110 and a relaxed SiGe layer
830 on the surface of the substrate 110. The relaxed SiGe layer 830 is in contact with the
etch-stop portion 926 of the dummy gate structure 922. The partially formed MOSFET also
includes an isolation region 871, source and drain regions 832, 842, and source and drain
silicide contacts 831, 841.

FIG. 8b illustrates the partially formed MOSFET after the stage of fabrication of FIG.
8a. The dummy gate and etch-stop portion 926 have been removed, thus exposing a portion
of the relaxed SiGe layer 830 where the etch-stop portion 926 formerly resided in the
dummy gate structure 922. The partially formed MOSFET now includes a planarized

dielectric layer 875 that was formed prior to removal of the dummy gate.

FIG. 8c illustrates a stage of fabrication occurring after that of FIG. 8b. A
compressive SiGe layer 812, a tensile silicon layer 811, and a gate dielectric portion 850
have been deposited on the exposed area of the relaxed SiGe layer 830. In some
implementations of a structure, the tensile silicon layer 811 is absent from some devices,
e.g. PMOS devices. In some implementations of a structure, the compressively strained SiGe

layer 812 is absent from some devices, e.g. NMOS devices. Lastly, FIG. 8d illustrates a stage
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of fabrication occurring after that of FIG. 8c. At this stage, a "“real” gate 860 has been

formed on the dielectric portion 850.

In an alternative implementation of the process illustrated in FIGS. 8a to 8d, a
strained semiconductor layer may be formed in direct contact with buried insulator layers,
wherein the strained semiconductor layer includes either a tensile silicon layer 811 or a
compressive SiGe layer 812. For example, a tensilely strained silicon layer 811 may be in
direct contact with the buried insulator layer. The compressive SiGe layer 812 may then be
deposited as illustrated in Fig. 8c following removal of the dummy gate 922. In another
embodiment, the strained semiconductor layer in direct contact with the buried insulator
layer is the compressive SiGe layer 812. The tensile Si layer 811 may then be deposited as

illustrated in Fig. 8c following removal of the dummy gate 922.

As described above, some embodiments of the invention utilize a virtual substrate that
includes a SiGe strain-inducing substrate layer. The SiGe strain-inducing substrate layer can
be grown on a silicon wafer, and can include more than one layer of alloys of varying
composition, thickness and growth conditions. Thus, the strain-inducing substrate layer can
include a SiGe layer or multiple SiGe layers and/or SiGe layers having a graded composition.
In some embodiments, the SiGe layer includes a relaxed SiGe layer grown on intermediate
SiGe layers that accommodate the lattice mismatch with a silicon wafer. In some
embodiments, the strain-inducing substrate layer is a strained semiconductor layer in direct
contact with an insulator layer, for example a strained silicon layer disposed on a silicon
dioxide layer on a silicon substrate. The strained semiconductor layer may comprise silicon,

germanium, and/or SiGe.

The substrate can include, for example, a silicon wafer, with the SiGe layers grown on
the silicon wafer. In this case, an oxide layer can be present between the silicon wafer and
the SiGe (ayer. Other types of materials can provide a base or substrate, e.g., silicon-on-

insulator (SOI) wafers, germanium wafers, glass substrates and laminated substrates.

Silicon, germanium and SiGe layers can be formed, for example, via known epitaxial
growth techniques. Growth of silicon, germanium or SiGe layers of suitable composition and
thickness on a SiGe relaxed layer, enables production of a channel layer of controlled stress
and dislocation density. Examples of SiGe substrates, in which the Ge content can be up to
100%, include: a relaxed, uniform composition SiGe layer on a graded composition SiGe layer

atop a Si substrate; a relaxed, uniform composition SiGe layer directly adjacent to a Si
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substrate; and a relaxed, uniform composition SiGe layer on an insulating layer like SiO,,

adjacent a Si substrate.

Variations, modifications, and other implementations of what is described herein will
occur to those of ordinary skill in the art without departing from the spirit and the scope of
the invention as claimed. Accordingly, the invention is to be defined not by the preceding

illustrative description but instead by the spirit and scope of the following claims.

What is claimed is:
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Claims
1. A semiconductor structure, comprising:
a strain-inducing substrate layer;

a compressively strained layer on the strain-inducing substrate layer, and comprising
germanium having a concentration at least approximately 30 percentage points
greater than the germanium concentration of the strain-inducing substrate layer, the

compressively strained layer having a thickness less than its critical thickness; and

a tensilely strained layer comprising silicon on the compressively strained layer, the

tensilely strained layer having a thickness less than its critical thickness.

2. The structure of claim 1, wherein the strain-inducing substrate layer comprises germanium

having a concentration of at least 10 atomic %.

3. The structure of claim 1, wherein the strain-inducing substrate layer comprises an

insulator.

4. The structure of claim 1, further comprising at least one p-channel component that
primarily utilizes the compressively strained layer for a p-channel, and at least one n-

channel component that primarily utilizes the tensilely strained layer for a n-channel.

5. The structure of claim 4, wherein the at least one p-channel component comprises a p-
channel transistor, and the at the at least one n-channel component comprises an n-

channel transistor.

6. The structure of claim 1, wherein the interfaces of the compressively strained layer and

the tensilely strained layer are substantially free of misfit dislocations.

7. The structure of claim 1, wherein the concentration of the germanium of the strain-

inducing strain-inducing substrate layer is less than approximately 30 atomic %.

8. The structure of claim 7, wherein the concentration of the germanium of the strain-
inducing strain-inducing substrate layer is in a range of approximately 15 atomic % to

approximately 20 atomic %.

9. The structure of claim 1, wherein the concentration of the germanium of the
compressively strained layer is at most approximately 50 percentage points greater than

the germanium concentration of the strain-inducing substrate layer.
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10. The structure of claim 1, wherein a thickness of the compressively strained layer is in a

range of approximately 3 nm to approximately 15 nm.

11. The structure of claim 10, wherein the thickness of the compressively strained layer is

less than approximately 8 nm.

12. The structure of claim 1, wherein a thickness of the tensilely strained layer is in a range

of approximately 5 nm to approximately 35 nm.

13. The structure of claim 12, wherein the thickness of the tensilely strained layer is in a

range of approximately 12 nm to approximately 20 nm.
14. A semiconductor structure, comprising:
a substrate layer;

a compressively strained layer on the substrate layer, and having a strain of at least 1.2 %

and a thickness less than its critical thickness; and

a tensilely strained layer on the compressively strained layer, and having a strain of at

least 0.4 % and a thickness less than its critical thickness.

15. The structure of claim 14, wherein the tensilely strained layer has a strain of at most 1.2
%.

16. The structure of claim 15, wherein the tensilely strained layer has a strain in a range of
0.6 % to 0.8 %.

17. The structure of claim 14, wherein the compressively strained layer has a strain of at
most 2.0 %.

18. A method for forming a semiconductor structure, the method comprising the steps of:
providing a substrate;
providing a compressively strained semiconductor on the substrate;

depositing a tensilely strained semiconductor adjacent the substrate until a thickness of a
first region of the tensilely strained semiconductor is greater than a thickness of a

' second region of the tensilely strained semiconductor;

forming on the first region a n-channel device that primarily utilizes the tensilely strained

semiconductor for the n-channel; and
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forming on the second region a p-channel device that primarily utilizes the compressively

strained semiconductor for the p-channel.

. The method of claim 18, wherein the thickness of the second region of the tensilely

strained semiconductor is zero.

The method of claim 18, wherein depositing the tensilely strained semiconductor
comprises forming at least a portion of the thickness of the first region of the tensilely
strained semiconductor by depositing a first precursor and reacting a second precursor
with the first precursor, whereby the first and second regions are provided with different

thicknesses.

The method of claim 20, wherein depositing the tensilely strained semiconductor
comprises repeating the steps of depositing the first precursor and reacting the second

precursor with the first precursor to complete the thickness of the first region.

The method of claim 18, wherein the substrate comprises germanium, the compressively
strained semiconductor comprises germanium having a greater concentration than a
concentration of the germanium of the substrate, and the tensilely strained

semiconductor comprises silicon.

The method of claim 18, wherein the thickness of the second region is at least great

enough for growing a silicon dioxide layer having satisfactory integrity.

The method of claim 23, wherein the thickness of the second region is approximately 1

nm to 2 nm.

The method of claim 18, wherein the thickness of the second region is sufficiently small
such that most of a charge carrier movement in a channel of the p-channel device moves

in the compressively strained semiconductor.

The method of claim 18, wherein depositing the tensilely strained semiconductor
comprises simultaneously depositing the second region of the tensilely strained
semiconductor and a portion of the thickness of the first region of the tensilely strained
semiconductor, and subsequently depositing a remaining portion of the thickness of the
first region of the tensilely strained semiconductor.

The method of claim 18, wherein the substrate comprises a relaxed layer.

The method of claim 27, wherein the relaxed layer comprises germanium.
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29. A semiconductor structure fabricated by the method of claim 12.
30. A method for fabricating a semiconductor structure, the method comprising:
providing a substrate comprising a strain-inducing layer;

forming a dummy gate structure on the strain-inducing layer, the dummy gate structure

comprising a dummy gate surrounded at least in part by a gate-defining material;
removing the dummy gate to expose a portion of the strain-inducing layer; and

depositing a strained semiconductor adjacent the strain-inducing layer, whereby the

strained semiconductor can support at least a portion of a channel.

31. The method of claim 30, wherein the strained semiconductor comprises a compressively

strained semiconductor.

32. The method of claim 30, wherein the strained semiconductor comprises a tensilely

strained semiconductor.

33. The method of claim 32, further comprising depositing a compressively strained
semiconductor on the exposed portion of the strain-inducing layer before depositing the
tensilely strained semiconductor, whereby the compressively strained semiconductor and

the tensilely strained semiconductor provide a dual channel layer.

34. The method of claim 33, further comprising forming at least one of a source and a drain
in the substrate for a device associated with the dummy gate prior to depositing the
compressively strained semiconductor, whereby a concentration profile of the

compressively strained semiconductor is effectively preserved.

35. The method of claim 34, wherein the effectively preserved concentration profile is

associated with an atomic concentration gradient of at least one decade per nanometer.

36. The method of claim 35, wherein the atomic concentration gradient is at least two

decades per nanometer.

37. The method of claim 33, further comprising forming a contact on the substrate for a
device associated with the dummy gate prior to depositing the compressively strained
semiconductor, whereby a concentration profile of the compressively strained

semiconductor is effectively preserved.

38. The method of claim 37, wherein the effectively preserved concentration profile is

associated with an atomic concentration gradient of at least one decade per nanometer.
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The method of claim 38, wherein the atomic concentration gradient is at least two

decades per nanometer.

The method of claim 33, further comprising performing a plurality of process steps after
depositing the tensilely strained semiconductor, the plurality of process steps occurring

at temperatures no greater than approximately 600°C.

The method of claim 40, wherein a concentration profile of the compressively strained
semiconductor is associated with an atomic concentration gradient of at least one decade

per nanometer after completion of the semiconductor structure.

The method of claim 41, wherein the atomic concentration gradient is at least two

decades per nanometer.

The method of claim 33, further comprising forming a gate dielectric on the

compressively strained semiconductor.
The method of claim 33, wherein the strain-inducing layer comprises SiGe.

The method of claim 44, wherein the compressively strained semiconductor comprises
SiGe having a germanium concentration greater than a germanium concentration of the

strain-inducing layer.

The method of claim 30, wherein the tensilely strained semiconductor consists essentially

of silicon.

The method of claim 46, further comprising forming a gate dielectric by oxidizing a

portion of the tensilely strained semiconductor.

A semiconductor structure fabricated by the method of claim 30.
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Providing a substrate
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Providing a compressively strained
semiconductor on the substrate
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Step 530

Depositing a tensilely strained
semiconductor adjacent the substrate to
a greater thickness in a first region than

in a second region
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Step 540

Forming a NMOS device on the first
region having a channel residing
mostly in the tensilely strained
semiconductor

l

Step 550

Forming a PMOS device on the second
region having a channel residing
mostly in the compressively strained
semiconductor
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FIG. 8B
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