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DIFFERENT EMBEDDED STRAIN LAYERS
IN PMOS AND NMOS TRANSISTORS AND A
METHOD OF FORMING THE SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

Generally, the present invention relates to the formation of
integrated circuits, and, more particularly, to the formation of
different transistor types, such as SOI-like transistors in the
form of fully and partially depleted transistors, formed in and
on a thin semiconductor layer and having strained channel
regions by using an embedded strain layer to enhance charge
carrier mobility in the channel region.

2. Description of the Related Art

The fabrication of integrated circuits requires the forma-
tion of a large number of circuit elements on a given chip area
according to a specified circuit layout. Generally, a plurality
of process technologies are currently practiced, wherein, for
complex circuitry, such as microprocessors, storage chips and
the like, CMOS technology is currently the most promising
approach, due to the superior characteristics in view of oper-
ating speed and/or power consumption and/or cost efficiency.
During the fabrication of complex integrated circuits using
CMOS technology, millions of transistors, i.e., N-channel
transistors and P-channel transistors, are formed on a sub-
strate including a crystalline semiconductor layer. A MOS
transistor, irrespective of whether an N-channel transistor or
a P-channel transistor is considered, comprises so-called PN
junctions that are formed by an interface of highly doped
drain and source regions with an inversely doped channel
region disposed between the drain region and the source
regions.

The conductivity of the channel region, i.e., the drive cur-
rent capability of the conductive channel, is controlled by a
gate electrode formed near to the channel region and sepa-
rated therefrom by a thin insulating layer. The conductivity of
the channel region, upon formation of a conductive channel,
due to the application of an appropriate control voltage to the
gate electrode, depends on the dopant concentration, the
mobility of the majority charge carriers, and, for a given
extension of the channel region in the transistor width direc-
tion, on the distance between the source and drain regions,
which is also referred to as channel length. Hence, in combi-
nation with the capability of rapidly creating a conductive
channel below the insulating layer upon application of the
control voltage to the gate electrode, the overall conductivity
of the channel region substantially determines the perfor-
mance of the MOS transistors. Thus, the reduction of the
channel length, and associated therewith the reduction of the
channel resistivity, renders the channel length a dominant
design criterion for accomplishing an increase in the operat-
ing speed of the integrated circuits.

The continuing shrinkage of the transistor dimensions,
however, involves a plurality of issues associated therewith
that have to be addressed so as to not unduly offset the advan-
tages obtained by steadily decreasing the channel length of
MOS transistors. One major problem in this respect is the
development of enhanced photolithography and etch strate-
gies to reliably and reproducibly create circuit elements of
critical dimensions, such as the gate electrode of the transis-
tors, for a new device generation. Moreover, highly sophisti-
cated dopant profiles, in the vertical direction as well as in the
lateral direction, are required in the drain and source regions
to provide low sheet and contact resistivity in combination
with a desired channel controllability.
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The continuous size reduction of the critical dimensions,
i.e., the gate length of the transistors, necessitates the adap-
tation and possibly the new development of highly complex
process techniques concerning the above-identified process
steps. It has been proposed to enhance the channel conduc-
tivity of the transistor elements by increasing the charge car-
rier mobility in the channel region for a given channel length,
thereby offering the potential for achieving a performance
improvement that is comparable with the advance to a future
technology node while avoiding or at least postponing many
of'the above process adaptations associated with device scal-
ing. One efficient mechanism for increasing the charge carrier
mobility is the modification of the lattice structure in the
channel region, for instance by creating tensile or compres-
sive stress in the vicinity of the channel region to produce a
corresponding strain in the channel region, which results in a
modified mobility for electrons and holes, respectively. For
example, creating tensile strain in the channel region may
increase the mobility of electrons, which, in turn, may
directly translate into a corresponding increase in the conduc-
tivity. On the other hand, compressive strain in the channel
region may increase the mobility of holes, thereby providing
the potential for enhancing the performance of P-type tran-
sistors. The introduction of stress or strain engineering into
integrated circuit fabrication is an extremely promising
approach for further device generations, since, for example,
strained silicon may be considered as a “new” type of semi-
conductor material, which may enable the fabrication of fast
and powerful semiconductor devices without requiring
expensive semiconductor materials, while many of the well-
established manufacturing techniques may still be used.

Thus, in some approaches, external stress created by, for
instance, overlaying layers, spacer elements and the like is
used in an attempt to create a desired strain within the channel
region. However, the process of creating the strain in the
channel region by applying a specified external stress may
suffer from an inefficient translation of the external stress into
strain in the channel region.

Inanother approach, the hole mobility of PMOS transistors
is enhanced by forming a strained silicon/germanium layer in
the drain and source regions of the transistors, wherein the
compressively strained drain and source regions create
uniaxial strain in the adjacent silicon channel region. To this
end, the drain and source regions of the PMOS transistors are
selectively recessed, while the NMOS transistors are masked
and subsequently the silicon/germanium layer is selectively
formed in the PMOS ftransistor by epitaxial growth. Thus,
complex manufacturing steps, such as etch processes, the
formation of appropriate etch and growth masks and selective
epitaxial growth techniques have to be incorporated into the
CMOS process flow. Moreover, for SOI transistors formed in
very thin silicon layers having a thickness of approximately
100 nm and even less, this technique may not result in the
expected performance gain as is the case in SOI devices
including less scaled active silicon layers or in bulk devices,
since the stress transfer is substantially restricted to the chan-
nel region located below the gate insulation layer while
lower-lying active regions in the thin SOI transistor may not
be effectively strained, thereby reducing the overall efficiency
of the strain engineering process. In addition, the perfor-
mance gain for transistors of different conductivity type may
lead to an even more complex process flow, as the various
steps for the formation of respective strain layers may have to
be performed separately for each transistor type.

In view of the above-described situation, there exists a need
for an improved technique that enables an increase of perfor-
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mance of PMOS transistors and NMOS transistors on the
basis of strained layers in an efficient manner.

SUMMARY OF THE INVENTION

The following presents a simplified summary of the inven-
tion in order to provide a basic understanding of some aspects
of'the invention. This summary is not an exhaustive overview
of the invention. It is not intended to identify key or critical
elements of the invention or to delineate the scope of the
invention. Its sole purpose is to present some concepts in a
simplified form as a prelude to the more detailed description
that is discussed later.

Generally, the present invention is directed to a technique
that enables the formation of differently strained semicon-
ductor layers in different transistor types, such as P-channel
transistors and N-channel transistors, on the basis of a highly
efficient manufacturing process flow since, in one aspect, the
provision of a hard mask, typically provided for selectively
epitaxially growing strained semiconductor layers, may be
omitted for at least one type of transistor, thereby significantly
reducing process complexity, while at the same time an addi-
tionally grown strained semiconductor material may be
advantageously used in further process steps, such as silici-
dation. In other aspects, one or more hard masks required for
the selective epitaxial growth technique may be formed in a
highly efficient manner, for instance without requiring a
lithography step, thereby also providing a highly efficient
technique for the formation of strained semiconductor layers
of different characteristics in various transistor types. In yet
another aspect of the present invention, a strained layer may
be provided for different types of transistors in that a dispos-
able spacer approach may be used, in which appropriate
offset spacer elements for each type of transistor may be
individually formed, thereby enabling the positioning of
strained semiconductor material close to a channel region,
which may be highly advantageous in the context of SOI
transistor elements with moderately thin active semiconduc-
tor layers for the formation of partially and fully depleted
transistor devices.

According to one illustrative embodiment of the present
invention, a method comprises forming a first recess adjacent
to a first gate electrode of a first transistor, wherein the first
gate electrode is formed above a substrate comprising a crys-
talline semiconductor layer. Furthermore, a second recess is
formed adjacent to a second gate electrode of a second tran-
sistor. Moreover, a first strained semiconductor material is
epitaxially grown in the first recess and a second strained
semiconductor material is epitaxially grown in the second
recess and above the first strained semiconductor material.

According to another illustrative embodiment of the
present invention, a method comprises forming a first recess
adjacent to a first gate electrode of a first transistor, wherein
the first gate electrode is formed above a substrate comprising
a crystalline semiconductor layer. A second recess is formed
adjacent to a second gate electrode of a second transistor.
Additionally, a first strained semiconductor material is
formed in the first recess and a second strained semiconductor
material is formed in the second recess on the basis of a first
and a second epitaxial growth process based on one or more
growth masks formed without a lithographical patterning
process.

According to yet another illustrative embodiment of the
present invention, a method comprises forming a first recess
adjacent to a first gate electrode of a first transistor, wherein
the first gate electrode has a first sidewall spacer and is formed
above a substrate comprising a crystalline semiconductor
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layer. Furthermore, a first strained semiconductor material is
formed in the first recess, while a second transistor is covered.
The method further comprises forming a second recess adja-
cent to a second gate electrode of the second transistor,
wherein the second gate electrode has a second sidewall
spacer. Furthermore, a second strained semiconductor mate-
rial is formed in the second recess and the first sidewall spacer
is removed. Finally, the second sidewall spacer is removed.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention may be understood by reference to the fol-
lowing description taken in conjunction with the accompany-
ing drawings, in which like reference numerals identify like
elements, and in which:

FIGS. 1a-1f'schematically show cross-sectional views of a
semiconductor device including different transistor elements
during various manufacturing stages, in which a strained
semiconductor material of different characteristics is formed
in drain and source regions of the different transistor ele-
ments, while one of the strained semiconductor materials acts
as a cap layer for the other type of strained semiconductor
material in accordance with illustrative embodiments of the
present invention;

FIGS. 2a-2i schematically depict cross-sectional views of
a semiconductor device including two different transistor
types during various manufacturing stages, in which each
transistor type receives a different strained semiconductor
material on the basis of a disposable spacer approach accord-
ing to further illustrative embodiments of the present inven-
tion;

FIGS. 3a-3d schematically illustrate cross-sectional views
of'a semiconductor device including different transistor types
during the formation of strained semiconductor material on
the basis of respective epitaxial growth masks formed on the
basis of a highly efficient manufacturing process in accor-
dance with yet other illustrative embodiments;

FIGS. 4a-4¢ schematically illustrate cross-sectional views
of'a semiconductor device including different transistor types
receiving differently strained semiconductor layers on the
basis of one or more hard masks not patterned by lithography
according to yet other illustrative embodiments; and

FIGS. 5a-5¢ schematically depict cross-sectional views of
a semiconductor device during various manufacturing stages
for forming differently strained semiconductor materials in
different transistors on the basis of epitaxial growth masks
from which at most one is patterned by lithography according
to yet other illustrative embodiments of the present invention.

While the invention is susceptible to various modifications
and alternative forms, specific embodiments thereof have
been shown by way of example in the drawings and are herein
described in detail. It should be understood, however, that the
description herein of specific embodiments is not intended to
limit the invention to the particular forms disclosed, but on the
contrary, the intention is to cover all modifications, equiva-
lents, and alternatives falling within the spirit and scope ofthe
invention as defined by the appended claims.

DETAILED DESCRIPTION OF THE INVENTION

Ilustrative embodiments of the invention are described
below. In the interest of clarity, not all features of an actual
implementation are described in this specification. It will of
course be appreciated that in the development of any such
actual embodiment, numerous implementation-specific deci-
sions must be made to achieve the developers’ specific goals,
such as compliance with system-related and business-related
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constraints, which will vary from one implementation to
another. Moreover, it will be appreciated that such a develop-
ment effort might be complex and time-consuming, but
would nevertheless be a routine undertaking for those of
ordinary skill in the art having the benefit of this disclosure.

The present invention will now be described with reference
to the attached figures. Various structures, systems and
devices are schematically depicted in the drawings for pur-
poses of explanation only and so as to not obscure the present
invention with details that are well known to those skilled in
the art. Nevertheless, the attached drawings are included to
describe and explain illustrative examples of the present
invention. The words and phrases used herein should be
understood and interpreted to have a meaning consistent with
the understanding of those words and phrases by those skilled
in the relevant art. No special definition of a term or phrase, i.
e., a definition that is different from the ordinary and custom-
ary meaning as understood by those skilled in the art, is
intended to be implied by consistent usage of the term or
phrase herein. To the extent that a term or phrase is intended
to have a special meaning, i.e., a meaning other than that
understood by skilled artisans, such a special definition will
be expressly set forth in the specification in a definitional
manner that directly and unequivocally provides the special
definition for the term or phrase.

Generally, the present invention relates to the formation of
field effect transistors of different types, such as different
conductivity types, which receive a strained semiconductor
layer in the drain and/or source regions in order to provide a
desired magnitude and/or type of strain in the respective
channel regions of these transistors. For this purpose, an
appropriate masking scheme is provided that enables the
formation of respective strained semiconductor materials on
the basis of epitaxial growth techniques such that, for each
transistor type, a specified magnitude and/or type of strain
may be created in the semiconductor material, which may be
incorporated into the respective drain and/or source regions,
thereby providing an embedded strained semiconductor
material. In some illustrative embodiments, the transistor
types may represent N-channel transistors and P-channel
transistors, wherein each type of transistor may receive a
strained semiconductor material to enhance the mobility of
the respective majority charge carriers in the corresponding
channel regions. Since the strained semiconductor material
may be provided by epitaxial growth techniques, and in par-
ticular embodiments by selective epitaxial growth tech-
niques, highly efficient masking schemes are provided by the
present invention in order to maintain process complexity at a
low level while nevertheless achieving a significant enhance-
ment in device performance due to the provision of individu-
ally adjusted strained semiconductor materials in different
transistor types.

In some illustrative embodiments, a highly efficient tech-
nique for the formation of silicon-on-insulator (SOI) transis-
tors is provided, wherein the various characteristics of the
respective strained semiconductor material may be individu-
ally adapted for each transistor type, for instance in terms of
offset to the respective channel region, magnitude of strain,
type of strain and the like. Consequently, even for highly
advanced SOI-like transistors which may be manufactured on
the basis of thin semiconductor layers, thereby forming par-
tially or even fully depleted devices, a highly efficient strain-
inducing mechanism may be established, although the
embedded strained semiconductor material may be provided
as a shallow portion in the drain and source regions due to the
required crystalline template of the original semiconductor
material of the thin semiconductor layer during the epitaxial
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6

growth process. In other illustrative embodiments, highly
efficient masking schemes for the provision of respective
epitaxial growth masks, such as the omission of a growth
mask and/or the omission of advanced lithography steps for
the formation of respective growth masks, may significantly
contribute to a reduced process complexity.

With reference to the accompanying figures, further illus-
trative embodiments of the present invention will now be
described in more detail. FIG. 1a schematically illustrates a
cross-sectional view of a semiconductor device 100 compris-
ing a substrate 101, above which is formed a semiconductor
layer 102. The substrate 101 may represent any appropriate
carrier material for receiving the semiconductor layer 102,
such as a bulk semiconductor substrate, an insulating carrier
material, such as an SOI substrate, and the like. It should be
appreciated that the vast majority of complex integrated cir-
cuits currently are, and will be in the foreseeable future,
fabricated on the basis of silicon and thus, in some illustrative
embodiments, the semiconductor layer 102 may be com-
prised of silicon, for instance including a significant amount
of other materials, such as germanium, carbon and the like,
wherein the substrate 101 may represent a bulk silicon sub-
strate or any other appropriate carrier material. Moreover, in
some embodiments, the semiconductor layer 102 may be
appropriately configured to enable the fabrication of fully or
partially depleted SOI transistors, as will be explained in
more detail with reference to FIGS. 2a4-2i. The semiconductor
device 100 may further comprise a first transistor element
150p and a second transistor element 1507, which may be
provided above the substrate 101 at specified substrate posi-
tions according to device requirements. In some illustrative
embodiments, the first and second transistors 150p, 1507 may
atleast differ in their respective conductivity type, whereas, in
other illustrative embodiments, the first and second transis-
tors 150p, 1507 may differ in their function within a complex
circuitry. For example, in the former case, the first transistor
150p may represent a P-channel transistor, while the second
transistor 1507 may represent an N-channel transistor, which
are to receive a respective strained semiconductor material
having a compressive and a tensile strain, respectively. In the
latter case, in some illustrative embodiments, one of the first
and second transistors 150p, 1507 may represent an advanced
transistor of high switching speed, while the other one of the
transistors 150p, 150~ may represent a transistor requiring a
reduced leakage current behavior, such as a transistor in a
static RAM area and the like. In addition to their different
function, in this case, the transistors 150p, 150z may or may
not differ in their conductivity type, wherein, however, at least
a different magnitude of strain may be desired for the two
types of transistors. During the following description, it may
be assumed that the first and second transistors 150p, 150»
differ in their conductivity type and are to receive a strained
semiconductor material having a different type of strain.

In the manufacturing stage shown in FIG. 1a, the transis-
tors 150p, 1507 may each comprise a gate electrode 105,
which may be formed above a respective channel region 103
and separated therefrom by a corresponding gate insulation
layer 104. Moreover, in one illustrative embodiment, a spacer
layer 106 A may be commonly formed above the respective
gate electrodes 105, wherein a liner 107A may be provided to
act as an etch stop layer during an etch process 108. The
spacer layer 106 A may be comprised of any appropriate
material, such as silicon nitride, silicon dioxide and the like,
while the liner 107A may be provided in the form of any
appropriate material having the required etch selectivity to
the material of the layer 106A. For example, silicon dioxide
may be used for the liner 107A when the spacer layer 106 A is
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comprised of silicon nitride. Furthermore, respective capping
layers 109, which may be formed of any appropriate material,
such as silicon nitride and the like, may be formed on top of
the respective gate electrodes 105, thereby providing an
encapsulation of the gate electrodes 105 after the completion
of'the etch process 108 for forming respective sidewall spac-
ers, as will be described below.

A typical process flow for forming the semiconductor
device 100 as shown in FIG. 1a may comprise the following
processes. After the provision of the substrate 101 and the
semiconductor layer 102, for instance on the basis of epitaxial
growth techniques, wafer bond techniques and the like,
depending on the type of substrate and semiconductor mate-
rial used, any required processes, such as implantation pro-
cesses for forming vertical dopant profiles, if required, within
the layer 102, and manufacturing processes for forming iso-
lation structures (not shown), such as shallow trench isola-
tions, may be performed on the basis of well-established
techniques. Thereafter, a dielectric layer may be formed by
oxidation and/or deposition with a thickness as required for
the gate insulation layers 104. Next, an appropriate material
for the gate electrodes 105 may be deposited, for instance in
the form of polysilicon on the basis of low pressure chemical
vapor deposition (CVD) techniques. It should be appreciated
that in some process strategies the gate electrodes 105 in this
manufacturing stage may not be represented by a highly
conductive material as required, but may be converted into a
respective conductive material in a later manufacturing stage.
For example, a highly conductive metal silicide may be pro-
vided in the gate electrode 105 in a later manufacturing stage,
when initially a polysilicon material may be provided for the
gate electrodes 105. In other cases, the gate electrodes 105
may be substantially completely replaced by other materials,
such as metals and the like, in a later manufacturing stage.
After the deposition of the material of the gate electrodes 105,
an appropriate capping material, such as silicon nitride and
the like, may also be deposited on the gate electrode material,
possibly in combination with other material layers, such as
anti-reflective coating (ARC) materials and the like, as may
be required for the subsequent lithographical patterning of the
corresponding layer stack. Consequently, appropriate lithog-
raphy and etch techniques may be used in order to pattern the
resulting layer stack, thereby forming the gate electrode 105
on the gate insulation layer 104 and covered by the capping
layers 109.

Thereafter, the liner 107 A may be formed, for instance by
deposition and/or by oxidation, depending on the device
requirements and the material used, followed by a respective
deposition process for providing the spacer layer 106A,
wherein well-established plasma enhanced deposition tech-
niques may be used. A thickness of the spacer layer 106A in
combination with a thickness of the layer 107 A may substan-
tially determine a spacer width formed from the layers 106 A,
107A during the etch process 108, which in turn may sub-
stantially determine a resulting offset from the gate electrode
105 for a recess to be formed in the semiconductor layer 102
adjacent to respective channel regions 103. It should be
appreciated that, in some illustrative embodiments, the spacer
layer 106A may be formed in accordance with process
parameters selected such that corresponding spacer elements
may also beused for the formation of drain and source regions
by ion implantation during a later manufacturing stage, while,
in other illustrative embodiments, the spacer layer 106 A and
the layer 107 A may be formed with a thickness that is selected
merely with respect to a desired offset for recesses to be
formed in the layer 112 later on.
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After the deposition of the layers 107A, 106A, the etch
process 108 is performed on the basis of an appropriate etch
chemistry to obtain a substantially anisotropic behavior with
a high etch selectivity between the layers 106A, 107A.
Respective selective etch recipes are well established in the
art. Thereafter, exposed portions of the liner 107A may be
removed by a further etch process, for instance based on a wet
chemical etch process or any other appropriate technique,
such as a high frequency plasma etch and the like. For
example, appropriate etch strategies are well established for
silicon dioxide, silicon nitride and the like. In other illustra-
tive embodiments, exposed portions of the liner 107 A may be
removed in a subsequent etch process for creating respective
recesses adjacent to the gate electrodes 105.

FIG. 15 schematically illustrates the semiconductor device
100 during a respective etch process 110, in which recesses
111 are formed in the layer 102 adjacent to the corresponding
gate electrodes 105 on the basis of sidewall spacers 106 that
have been formed from the spacer layer 106 A, as was previ-
ously described. Thus, it should be understood that, through-
out this description and in the appended claims, any recesses
or cavities formed “adjacent to” a gate electrode include the
provision of any sidewall spacer structure on the sidewall of
the respective gate electrode prior to actually forming the
recesses or cavities. Hence, “adjacent to” the gate electrode
may enclose a lateral offset provided by a sidewall spacer
structure. In some illustrative embodiments, the etch process
110 may be designed as a substantially anisotropic etch pro-
cess, thereby obtaining the recesses 111 as trenches having
moderately steep sidewalls, wherein an offset 111B of the
recess 111 with respect to the gate electrode 105, and thus to
the channel region 103, is substantially determined by a
spacer width 106B, which may also include the thickness of
the liner 107A. In other illustrative embodiments, the etch
process 110 may be designed as a more or less isotropic
process, wherein a certain degree of under-etch is achieved
wherein the offset 111B is then determined by the etch param-
eters and the spacer width 106B. During the etch process 110,
material erosion in the gate electrodes 105 may be substan-
tially avoided by the spacers 106 and the capping layers 109.

FIG. 1¢ schematically illustrates the semiconductor device
100 in a further advanced manufacturing stage. A growth
mask 112 may be formed to cover the second transistor 150
including the recesses 111, while the first transistor 150p is
exposed to the deposition ambient of a selective epitaxial
growth process 113. The growth mask 112 may be comprised
of any appropriate material that is configured to withstand the
environmental conditions during the epitaxial growth process
113, that is, the growth mask 112 may have to tolerate tem-
peratures up to several hundred degrees and provide a speci-
fied selectivity during the deposition of material in the pro-
cess 113. For instance, silicon nitride, silicon dioxide and the
like are dielectric materials for which a plurality of process
parameter values are available, which may allow the selective
epitaxial growth of a silicon-based material on exposed crys-
talline silicon areas, while a significant deposition of silicon
material on dielectric materials, such as the growth mask 112,
as well as the capping layer 109 and the spacer 106 of'the first
transistor 150p, may be avoided or reduced.

Consequently, during the process 113, a silicon-based
semiconductor material may be selectively formed in the
recess 111 of the first transistor 150p, wherein the underlying
material of the layer 102 acts as a growth template when the
semiconductor layer 102 is a silicon-based material. More-
over, during the epitaxial growth process 113, a specific non-
silicon material may be added to the deposition atmosphere,
at least temporarily, in order to form a semiconductor mate-
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rial, indicated as 114p, having a different lattice spacing in its
non-strained state so that, upon growing on the crystalline
template of the layer 102, the material 114p represents a
strained semiconductor material, which may thus also induce
a respective strain in the adjacent channel region 103. In one
illustrative embodiment, the strained semiconductor material
114p may represent a compressively strained material, such
as a silicon/germanium material, which may efficiently
enhance charge carrier mobility in the channel region 103
when the first transistor 150p may represent a P-channel
transistor. As shown, the selective epitaxial growth process
113 may be controlled such that a desired degree of filling of
the recess 111 is obtained, wherein, depending on device
requirements, the recess 111 may be underfilled or overfilled
or may result in a substantially flush configuration.

After the growth process 113, the mask 112, which may, for
instance, be comprised of silicon dioxide may be removed
selectively to the material of the capping layer 109 and the
spacers 106. For instance, highly selective dry and wet chemi-
cal etch processes are available for silicon dioxide, silicon
nitride and the like. In still other illustrative embodiments, the
first transistor 150p may be covered by a resist mask (not
shown) during the removal of the mask 112 in order to avoid
undue damage or material erosion in the first transistor 150p.
Thereafter, any additional pre-cleaning processes may be per-
formed in order to prepare the exposed transistor 150z for the
selective growth of a further strained semiconductor material.

FIG. 1d schematically illustrates the semiconductor device
100 during a further selective epitaxial growth process 115, in
which, at least temporarily, a semiconductor material 114# is
formed in the recess 111 of the second transistor 150z, which
differs in its strain characteristics from the material 114p. In
one illustrative embodiment, the material 114z may be pro-
vided as a semiconductor material having a different type of
strain compared to the material 114p, thereby inducing a
different type of strain in the respective channel region 103 of
the second transistor 150%. For instance, if the second tran-
sistor 1507 may represent an N-channel transistor, the
strained semiconductor material 114z may be provided as a
material having a reduced lattice spacing in its non-strained
state compared to the silicon-based material of the layer 102.
For example, the material 114» may be deposited as a silicon/
carbon material wherein a carbon content of 0.5 to several
atomic percent may be incorporated into the silicon in order to
obtain a desired lattice mismatch so that, when the material
114 is grown with a substantially silicon-like lattice spacing,
a corresponding tensile strain is generated. It should be appre-
ciated that the type of strain created by the selective epitaxial
growth process 115, and also by the process 113, may depend
on the crystalline characteristics of the template material of
the layer 102. For example, if the semiconductor layer 102
itself contains a certain amount of non-silicon components,
such as germanium, carbon and the like, the material compo-
sition of the materials 114p and 1147 may be correspondingly
selected so as to obtain the desired type of strain. In other
illustrative embodiments, the first and second transistor ele-
ments 150p, 1507 may be of the same conductivity type and
thus require the same type of strain, whereas a different mag-
nitude may be desirable due to device or process specific
requirements. In this case, the growth processes 113 and 115
may be performed on the basis of substantially the same
parameters, except for different amounts of non-silicon spe-
cies in order to create a different magnitude of the same type
of strain.

Moreover, as shown in FIG. 14, during the epitaxial growth
process 115, the first transistor 150p may remain exposed to
the deposition ambient so that a corresponding material 1147
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may also be formed on top of the previously formed strained
material 114p. Consequently, any complex process steps for
forming a corresponding growth mask, such as the mask 112,
and the removal thereof may be omitted, thereby contributing
to a reduced overall process complexity. It should be noted
that the material 114% and the material 114p may exhibit, in
some embodiments, a different type of intrinsic strain. The
influence of the “capping layer” 114# on the respective chan-
nel region 103 of the first transistor 150p is, however, signifi-
cantly less compared to the strained material 114p, which
may substantially directly act on the channel region 103. In
some embodiments, the effect of the capping material 114n
above the layer 114p may be considered inappropriate for the
performance of the first transistor 150p. Thus, in some illus-
trative embodiments, the material 114z may be deposited
with a thickness that is appropriate for being consumed in a
later manufacturing stage, for instance for the formation of
metal silicide in the first transistor 150p, as will be described
later on in more detail.

Thereafter, depending on process strategy, the spacers 106
may be used for the formation of drain and source regions by
ion implantation, while, in other illustrative embodiments,
the spacers 106 may be removed by appropriate selective dry
and/or wet chemical etch processes prior to forming respec-
tive drain and source regions. For instance, drain and source
implantations may be performed on the basis of the spacers
106, wherein respective extension regions (not shown) may
have been formed prior to the formation of the strained semi-
conductor materials 114p, 114n. In other embodiments,
respective extension regions, if required, may be formed after
the removal of the spacers 106, irrespective of whether these
spacer elements may have been used as implantation masks
for the formation of deep drain and source regions.

FIG. 1e schematically illustrates the semiconductor device
100 in a further advanced manufacturing stage, in which a
spacer structure 116 is formed on the respective gate elec-
trodes 105 of the first and second transistors 150p, 150z.
Moreover, drain and source regions 117 may be formed in the
strained semiconductor materials 114p, 114» and in the semi-
conductor layer 102, wherein the lateral profiling of the drain
and source regions 117 may have been accomplished on the
basis of the spacer structure 116, which may include two or
more individual spacer elements (not shown), or which may
also be accomplished on the basis of the spacers 106, as
previously explained. Moreover, the device 100 may com-
prise a layer of refractory metal 118, which may be formed
above the first transistor 150p having the “capping” layer
114n formed above the respective drain and source regions
117. In this illustrative embodiment, the metal layer 118 may
not be formed above the second transistor 150# so as to allow
individually adjusting a corresponding silicidation process
with respect to the characteristics of the material 114# located
above the material 114p in the first transistor 150p.

The device 100 as shown in FIG. 1e may be formed on the
basis of the following processes. The drain and source regions
117 having a specified vertical and horizontal dopant profile
according to device requirements may be formed on the basis
of the spacers 106 and/or 116, as previously described,
wherein well-established implantation processes may be
used, wherein, in some embodiments, a certain dopant spe-
cies may also be incorporated during the selective epitaxial
growth processes 113 and 115. Thereafter, respective anneal
processes may be performed to activate the dopants in the
regions 117 and also to re-crystallize implantation-induced
damage according to device requirements.

Thereafter the layer 118, which may be comprised of any
appropriate refractory metal, such as nickel, nickel/platinum,
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platinum, cobalt and the like, may be deposited on the basis of
well-established techniques such as sputter deposition and
the like, wherein a thickness of the layer 118 may be selected
on the basis of the material 114» formed above the material
114p so as to convert a desired amount thereof into a respec-
tive metal silicide. For example, the layer 118 may be depos-
ited and may afterwards be patterned on the basis of a lithog-
raphy process so as to remove the layer 118 from the second
transistor 150z. In still other examples, a respective lithogra-
phy mask may be formed prior to the deposition of the layer
118 and a respective patterning of the layer 118 may be
achieved by depositing the material on the device 100 and
removing the lithography mask together with any metal mate-
rial deposited thereon.

Thereafter, an appropriate heat treatment may be per-
formed to initiate the conversion of the material 114» in the
first transistor 150p into a respective metal silicide. For
instance, if the strained material 114» may be comprised of
silicon/carbon including a moderately low amount of carbon,
as specified above, a respective metal silicide may be formed.
In other illustrative embodiments, prior to initiating a chemi-
cal reaction between the layer 118 and the underlying silicon-
containing material, a further refractory metal layer (not
shown) may be deposited with a required thickness so as to
meet the corresponding device requirements of the second
transistor 150% so that metal silicides of different character-
istics may be formed in the first and second transistors 150p,
1507 in a common heat treatment. For example, the same or
a different refractive material may be deposited and subse-
quently a corresponding heat treatment may be performed,
during which respective process parameters, in particular the
duration of the heat treatment, may be selected such that a
desired amount of the material 114# in the first transistor 150p
is converted into a metal silicide, while in the second transis-
tor 1507 the corresponding reaction, i.e., the amount of metal
silicide obtained, may be substantially determined by the
amount of refractory metal provided at the second transistor
150n.

FIG. 1f'schematically shows the semiconductor device 100
after completion of the above-described process sequence.
Hence, the device 100 comprises respective metal silicide
regions 118A in the first transistor 150p, wherein a specified
amount of the material 1147 may be converted into a metal
silicide, while the second transistor 150z may have formed
therein respective metal silicide regions 119A, which corre-
spond to the device requirements of this transistor. Conse-
quently, the non-desired effect of the strained material 114»
in the first transistor 150p may be significantly reduced by
forming a highly conductive metal silicide therein, thereby
also providing the potential for specifically increasing the
performance of the first transistor 150p, since the respective
gate electrode 105 may also have an increased amount of
metal silicide. On the other hand, the second transistor 150z
may have the metal silicide regions 119A complying with
transistor specific requirements, wherein the remaining
strained material 114% provides the desired type and magni-
tude of strain in the respective channel region 103. Conse-
quently, the performance characteristics of the transistors
150p, 1507 may be adjusted in a highly uncorrelated manner
while at the same time the process complexity is significantly
reduced due to the omission of at least one epitaxial growth
mask and any process steps associated therewith. If, for
example, the first transistor 150p represents a P-channel tran-
sistor, a high degree of compressive strain may be generated
by the strained material 114p, while, additionally, a high
conductivity of the gate electrode 105 and the respective
contact regions of the drain and source regions 117 is
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achieved, while the performance of the transistor 150z may
be enhanced by providing the material 114» having a desired
magnitude of tensile strain.

With reference to FIGS. 24-2i, further illustrative embodi-
ments will now be described in more detail, in which a
strained semiconductor material of different strain character-
istics may be formed adjacent to respective gate electrodes in
a highly efficient manner, thereby enabling the positioning of
the strained material close to the channel region, which may
be highly advantageous in the context of fully depleted and
partially depleted transistor elements, which are formed on
the basis of thin semiconductor layers.

FIG. 2a schematically shows a cross-sectional view of a
semiconductor device 200 comprising a substrate 201 having
formed thereon, in one illustrative embodiment, a buried
insulating layer 220, above which is formed a semiconductor
layer 202. Thus, in this configuration, the device 200 may
represent an SOl-like device, wherein, in some illustrative
embodiments, the semiconductor layer 202 may have char-
acteristics for forming partially or fully depleted transistor
elements thereon and therein. Hence, a thickness of the semi-
conductor layer 202, if a silicon-based device is considered,
may be approximately 100 nm and significantly less in
advanced applications. Moreover, a first transistor 250p and a
second transistor 250z may be provided, wherein, in this
manufacturing stage, respective gate electrodes 205 are
formed on respective gate insulation layers 204. Furthermore,
respective capping layers 209 may be formed on the respec-
tive gate electrodes 205. For forming the device 200 as shown
in FIG. 2a, substantially the same processes may be used as
are previously described with reference to the device 100.

FIG. 2b schematically illustrates the device 200 in a further
advanced manufacturing stage. Here, a first spacer layer
206 A, possibly in combination with a respective liner 207 A,
may be formed on the first and second transistors 250p, 2507.
Moreover, the second transistor 250z may be covered by a
mask 221, such as a resist mask and the like, which may
expose the first transistor 250p to an anisotropic etch ambient
223, while substantially protecting the second transistor
2507%. The spacer layer 206 A including the liner 207A may be
formed on the basis of well-established deposition tech-
niques, such as plasma enhanced chemical vapor deposition
(PECVD), wherein a thickness of the conformal spacer layer
206A may be selected to provide a desired offset for a recess
to be formed adjacent to the gate electrode 205 of the first
transistor 250p in a subsequent etch process. For example, a
thickness 206B of the layer stack 206A, 207A may range
from several nanometers, for instance 3-50 nm, depending on
the specific application. Thereafter, the mask 221 may be
formed on the basis of any appropriate material, such as
photoresist and the like, using well-established photolithog-
raphy techniques for patterning a corresponding material
layer, thereby forming the mask 221. Next, the etch process
223 may be performed on the basis of well-established aniso-
tropic etch techniques, wherein the etch process 223 may be
reliably stopped in and on the liner 207A. Thereafter, the
mask 221 may be removed, for instance on the basis of oxy-
gen plasma-based techniques and the like, and thereafter
exposed portions of the layer 207 A may be removed from the
first transistor 250p. In other embodiments, the removal of the
liner 207 A may be performed during or after the etch process
223 and the corresponding mask 221 may be subsequently
removed.

FIG. 2¢ schematically illustrates the semiconductor device
200 after the completion of the above-described process
sequence. Hence, the transistor 250p comprises respective
spacer elements 206 having a width that substantially corre-
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sponds to the thickness 206B, while the second transistor
250r is still covered by the spacer layer 206 A. Moreover, the
device 200 is exposed to a further etch ambient 210 in order to
form respective recesses or cavities 211p in the first transistor
250p. As previously explained, an offset 211A of the recess
211p with respect to the gate electrode 205 and thus the
channel region 203 is influenced by the spacer width 2068,
and may be substantially determined thereby if the etch pro-
cess 210 is a substantially anisotropic process. On the other
hand, if the process 210 comprises an isotropic component,
the shape of therecess 211p and thus the offset 211 A may also
depend on the process parameters of the etch process 210.
Consequently, the characteristics of the recess 211p may be
individually adapted in accordance with device requirements
corresponding to the first transistor 250p, while the second
transistor 250z is reliably covered by the spacer layer 206 A.
After the formation of the recess 211p, any cleaning pro-
cesses may be performed to prepare the device 200 for the
formation of a strained semiconductor material in the recess
211p.

FIG. 2d schematically illustrates the device 200 during an
epitaxial growth process 213 for forming a strained semicon-
ductor material 214p in the recess 211p, wherein, as previ-
ously explained with reference to the device 100, any desired
degree of underfilling or overfilling or a substantially flush
configuration may be accomplished. With respect to the type
of strained semiconductor material 214p, the same criteria
apply as previously explained. For instance, the material 214p
may represent a silicon/germanium material with a high
intrinsic compressive strain. After the epitaxial growth pro-
cess 213, the spacer layer 206 A may be removed on the basis
of any appropriate selective etch process. For instance, wet
chemical etch processes for silicon nitride are well estab-
lished in the art. Consequently, during a corresponding wet
chemical etch process, the layer 206 A may be removed selec-
tively to the liner 207 A, while, in the first transistor 250p, the
spacers 206 as well as the capping layer 209, if comprised of
silicon nitride, may also be removed.

FIG. 2e schematically illustrates the semiconductor device
200 after the completion of the above-described process
sequence and with a further spacer layer 226 A, for instance
comprised of silicon nitride and the like, wherein a thickness
of'the spacer layer 226 A, indicated as 226B, may be selected
on the basis of device requirements of the second transistor
250n, since the thickness 226B may substantially determine
the resulting width of spacers formed from the layer 226A in
the second transistor 250n. Consequently, as previously
explained, respective characteristics of a recess to be formed
in the second transistor 250z may be adjusted substantially
independently from respective characteristics of the first tran-
sistor 250p.

FIG. 2f'schematically illustrates the device 200 in a further
advanced manufacturing stage, wherein a further mask 224,
such as a resist mask or any other appropriate mask, is formed
to cover the first transistor 250p while exposing the second
transistor 250% to an anisotropic etch ambient 225. Conse-
quently, the spacer layer 226A is etched in order to form
respective spacers 226, the width of which is substantially
determined by the thickness 226B and thus the corresponding
width will also be indicated as 226B. It should be appreciated
that, in some illustrative embodiments, the liner 207A, pre-
viously formed in combination with the spacer layer 206A,
may still be present and may be used for etching the spacer
layer 226 A, while, in other illustrative embodiments, after the
removal of the spacer layer 206 A and the respective spacers
206, a corresponding liner (not shown) may be formed on the
first and second transistors 250p, 250 prior to the deposition
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of'the spacer layer 226 A. In this case, the gate electrode 205
of the first transistor 250p and the strained semiconductor
material 214p may also be covered by the newly formed liner
material. After the etch process 225, exposed portions of the
liner 207A may be removed and the mask 224 may be sub-
sequently removed on the basis of processes as are previously
described. Thereafter, a further etch process may be per-
formed to form a respective recess or cavity 211z, as indi-
cated in dashed lines, wherein the respective size and offset of
the recesses 211# is influenced by the spacer width 226B and
possibly by the process parameters of the corresponding cav-
ity etch process, as is also explained with reference to the
recesses 211p. Consequently, the size and the offset of a
correspondingly strained semiconductor material may be
defined on the basis of the spacers 226. For instance, the width
226B may range from approximately several nanometers,
such as 3-50 nm, depending on the process requirements.

FIG. 2g schematically illustrates the device 200 in a further
advanced manufacturing stage, wherein the device 200, after
a corresponding cavity etch process for actually forming the
recesses 211n, is subjected to a further selective epitaxial
growth process 215 for forming a strained semiconductor
material 214N adjacent to the respective channel region 203
of'the second transistor 2507, while the first transistor 250p is
covered by the spacer layer 226 A. With respect to the epi-
taxial growth process 215, the same criteria apply as previ-
ously explained. For instance, the semiconductor material
214N may have a different type of strain and/or may have a
different magnitude of strain compared to the material 214P.
In some illustrative embodiments, the strained semiconductor
material 214N may comprise a silicon/carbon mixture for
imposing a tensile strain to the channel region 203 of the
second transistor 2507.

FIG. 2/ schematically illustrates the device 200 in a further
advanced manufacturing stage, in which the spacer layer
226A and the spacers 226 have been removed by an appro-
priate selective etch process, for instance on the basis of a wet
chemical etch process, such as a process comprising hot
phosphoric acid and the like when the spacer layer 226A is
substantially comprised of silicon nitride. Moreover, during
the corresponding removal process, the capping layer 209 of
the gate electrode 205 of the second transistor 250z may also
be removed. Thereafter, the further processing may be con-
tinued by forming source and drain regions in the semicon-
ductor layer 202 and within the strained semiconductor mate-
rials 214P, 214N on the basis of appropriate spacer techniques
and implantation processes.

FIG. 2i schematically illustrates the device 200 with a
corresponding sidewall spacer structure 216 formed on the
respective gate electrodes 205, which may have been used for
defining respective lateral and vertical dopant profiles for
respective drain and source regions 217. It should be appre-
ciated that the spacer structures 216 may comprise any appro-
priate number of individual spacer elements, depending on
the complexity of the required dopant profile of the regions
217. Furthermore, the first and second transistors 250p, 2507
may be covered by a dielectric material, which, in one illus-
trative embodiment, may be provided as layer portions 227P,
227N having different intrinsic stresses in order to enhance
the strain created in the respective channel regions 203. For
example, the layer portions 227P, 227N may comprise silicon
nitride, which may be formed so as to include a high intrinsic
stress, compressive or tensile, thereby acting as a further
stress source for the transistors 250p, 250%. Thus, in illustra-
tive embodiments, the transistor 250p may represent a
P-channel transistor, wherein the strained semiconductor
material 214P may be a compressive material and the layer
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portion 227P may include a high compressive stress. Simi-
larly, if the second transistor 2507 represents an N-channel
transistor, the strained material 214N may comprise tensile
strain and the layer portion 227N may exhibit a high tensile
stress. Moreover, respective metal silicide regions 218 may
be formed in the drain and source regions 217 and the gate
electrodes 205.

The metal silicide regions 218 and the layer portions 227P,
227N may be formed on the basis of well-established recipes,
wherein, during the formation of the layers 227P, 227N, pro-
cess parameters, such as deposition temperature, ion bom-
bardment, pressure and the like, may be varied to obtain the
required type of intrinsic stress. Furthermore, respective
masking schemes may be applied to first form one of the
layers 227P, 227N and subsequently remove an unwanted
portion thereof and thereafter form the other of the portions
227P, 227N, followed by the removal of an unwanted portion
thereof. Consequently, the device 200 may be formed to have
a high degree of strain with the respective channel regions
203, which may be selected to be different at least in one of
magnitude and type for the first and second transistors 250p,
250n, wherein the position of the respective strained semi-
conductor materials 214p, 214r may be selected individually,
which may be highly advantageous for SOI-like transistor
architectures, as shown in FIGS. 24-2i, since here a depth of
the strained semiconductor material 214p, 214n may be
restricted due to the restricted thickness of the layer 202, of
which a significant portion has to be maintained for the
respective epitaxial growth processes 213, 215. Hence, for a
reduced thickness of the semiconductor layer 202, as may be
required for fully and partially depleted SOI transistors in
advanced applications, nevertheless an efficient strain-induc-
ing mechanism may be obtained due to the close proximity of
the strained semiconductor materials 214p, 214n to the
respective channel regions 203, wherein an individual posi-
tioning may be accomplished by the above-described process
sequence.

With reference to FIGS. 3a-34, further illustrative embodi-
ments of the present invention will be described in more
detail, wherein process complexity for selective epitaxial
growth processes for different types of transistors may be
reduced by providing at most one growth mask that is formed
on the basis of lithography, while other growth masks may be
formed in a highly efficient manner.

FIG. 3a schematically illustrates a semiconductor device
300 at an intermediate manufacturing stage. The device 300
comprises a first transistor 350p and a second transistor 350z,
which may be formed above a substrate 301 having formed
thereon a respective semiconductor layer 302. Moreover, the
first and second transistors 350p, 3507 may comprise respec-
tive gate electrodes 305 covered by capping layers 309 and
sidewall spacers 306, possibly in combination with a respec-
tive liner 307. Moreover, respective gate insulation layers 304
may be provided between the gate electrodes 305 and respec-
tive channel regions 303. Regarding the characteristics and
any details for forming the device 300 as shown in FIG. 3a,
the same criteria apply as previously explained with the cor-
responding components of the devices 100 and 200. More-
over, in this manufacturing stage, the first transistor 350p may
have formed adjacent to the channel region 303 a respective
recess 311 and a growth mask 312 to cover the first transistor
350p while exposing the second transistor 350z to a deposi-
tion ambient of a selective epitaxial growth process 313. In
one illustrative embodiment, the mask 312 may be provided
in the form of a silicon dioxide mask, while in other embodi-
ments any other appropriate materials may be used.
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Consequently, during the selective epitaxial growth pro-
cess 313, a deposition of semiconductor material on the mask
312 is substantially suppressed, while a corresponding
strained semiconductor material 314N may grow within a
corresponding recess formed in the second transistor 350z.
Regarding any specifics of the growth process 313 and the
strained semiconductor material 314N, the same criteria
apply as previously explained with reference to the devices
100 and 200. For instance, the strained semiconductor mate-
rial 314N may comprise a silicon/carbon mixture, at least
partially, so as to provide an intrinsic tensile strain when the
semiconductor layer 302 is a silicon layer. In one illustrative
embodiment, the strained semiconductor material 314N may
be provided with a specific excess height 314H, which may be
used for converting material therein into a dielectric capping
layer in a later stage. Moreover, in some illustrative embodi-
ments, the material corresponding to the excess height 314H
may be provided in the form of a silicon material, when the
presence of a non-silicon species may be considered inappro-
priate for the further processing of the material representing
the excess height 314H. It should be noted that the excess
height 314H may not necessarily represent an additional
height with respect to a substantially flush transistor configu-
ration and may also accommodate any recessed or raised
configurations of the finally obtained strained semiconductor
material 314N.

FIG. 3b schematically illustrates the semiconductor device
300 subjected to a surface modification process 330, acting on
the exposed semiconductor material 314N. For instance, in
one illustrative embodiment, the modification process 330
may represent a nitridation process for selectively forming a
respective nitrogen-enriched surface on the strained semicon-
ductor material 314N. As previously explained, the excess
height 314H may be provided to represent a surface portion of
the material 314N, which may be available for a conversion
into a dielectric capping layer, such as a silicon nitride-like
layer 331, that may be formed during the process 330. For
example, as previously explained, the material 314N may be
provided in the form of a silicon/carbon mixture so that the
corresponding nitridation process 330 may result in a corre-
sponding silicon nitride layer including a certain amount of
carbon. In still other illustrative embodiments, the excess
height 314H may be formed substantially of pure silicon,
irrespective of the type of material previously deposited dur-
ing the epitaxial growth process 313, so as to provide
enhanced process flexibility with respect to the material
314N. For example, if a silicon/germanium mixture has been
grown in the second transistor element 3507, which may
require a substantial amount of germanium, the additional
excess height 314H may nevertheless provide the required
conditions so as to effectively form the silicon nitride-based
material 331. During the process 330, the mask 312, when, for
instance, comprised of silicon dioxide, may be affected sig-
nificantly less by the process 330 compared to the material
314N so that a high degree of etch selectivity between the
material 331 and the mask layer 312 may still be achieved.
Consequently, during a subsequent highly selective etch pro-
cess, the mask 312 may be removed on the basis of well-
established etch recipes, while the gate electrode 305 and the
regions 314N may be effectively protected by the layer 331,
the capping layer 309 and the spacers 306. Consequently, the
mask 312 may be formed on the basis of a lithography process
s0 as to act as a growth mask during the process 313 and may
also act as a mask for forming the layer 331, which, in turn,
may act as an epitaxial growth mask in a further growth
process for forming a respective strained semiconductor
material in the first transistor 350p. In the illustrative embodi-
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ments described above, the mask 312 may also be removed
without any further lithography processes by using the high
etch selectivity between the material 331 and the mask 302. In
other embodiments, the mask 312 may be removed on the
basis of a corresponding resist mask (not shown) covering the
second transistor 3507, when an exposure of this transistor is
considered inappropriate during the removal of the mask 312.

FIG. 3¢ schematically illustrates the semiconductor device
300 after the completion of the above-described process
sequence and during a further selective epitaxial growth pro-
cess 315 for forming a strained semiconductor material 314P
in the first transistor 350p. During the process 315, the mate-
rial layer 331 may act as an efficient growth mask, thereby
substantially avoiding any material deposition thereon. With
respect to the epitaxial growth process 315 and the strained
semiconductor material 314P, the same criteria apply as pre-
viously explained with reference to the devices 100 and 200.

FIG. 3d schematically illustrates the semiconductor device
300 after the selective removal of the cap layers 309, the
spacers 306 and the layer 331. As previously explained,
highly selective wet chemical etch processes for silicon
nitride-based materials are well established in the art and may
be used for this purpose. Consequently, the strained materials
314P, 314N may be formed on the basis of two selective
epitaxial growth processes, wherein a reduced process com-
plexity is obtained, since at least one epitaxial growth mask,
i.e., the layer 331, may be formed in a highly local fashion
without requiring an additional lithographical patterning pro-
cess. Furthermore, the removal of the “growth mask” 331
may be performed in a common etch process for removing the
spacers 306 and the capping layer 309, thereby also signifi-
cantly contributing to a reduced process complexity. Based
on the device as shown in FIG. 34, the further processing may
be continued by forming respective drain and source regions,
based on respective spacer techniques, as is also described
with reference to the devices 100 and 200.

With reference to FIGS. 4a-4c, further illustrative embodi-
ments will now be described in which a reduced process
complexity is achieved by commonly forming a first strained
material in two different transistors and subsequently selec-
tively removing an unwanted portion thereof during the pat-
terning of a respective growth mask.

FIG. 4a schematically illustrates a semiconductor device
400 including a first transistor 450p and a second transistor
4507 in an advanced manufacturing stage. Each of the tran-
sistors 450p, 4501 may comprise a gate electrode 405 formed
on a respective gate insulation layer 404 that separates the
gate electrodes 405 from respective channel regions 403.
Moreover, the gate electrodes 405 are encapsulated by
respective spacers 406 and capping layers 409, wherein a
spacer layer 426A, possibly in combination with a liner
427A, is also formed to cover both transistors 450p, 450z.
The transistors 450p, 4502 may be formed in and on a respec-
tive semiconductor layer 402 located above a substrate 401.
With respect to the various components described so far, the
same criteria apply as explained before with respect to the
same components of the devices 100,200 and 300. Moreover,
in this manufacturing stage, the device 400 comprises a first
strained semiconductor material 414N formed in respective
recesses positioned next to the corresponding channel regions
403. With respect to the characteristics of the material 414N,
the same criteria apply as previously explained. Furthermore,
a mask 412 may be provided to cover the second transistor
4507 while exposing the first transistor 450p. The mask 412
may represent a resist mask or any other appropriate material.

The device 400 may be formed by the following manufac-
turing processes. After the formation of the respective gate
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electrodes 405 including the spacers 406, based on processes
as are previously described, respective recesses may be
formed by an appropriate etch process, as is also described
with reference to FIG. 14 when describing the formation of
the recesses 111. Thereafter, a selective epitaxial growth pro-
cess may be performed to form the material 414N in the
correspondingly etched recesses, wherein, during the etch
process for forming the recesses and the subsequent epitaxial
growth process, a high degree of process uniformity is
achieved, since any micro and/or macro loading effects dur-
ing the etch process and the epitaxial growth process may be
significantly reduced as these processes may be performed
without masks that may cover extended substrate areas when
protecting respective transistors. Consequently, high control-
lability of the etch process and the subsequent epitaxial
growth process may be achieved. Thereafter, the spacer layer
426 A, possibly in combination with the liner 427A, may be
deposited on the basis of well-established recipes followed by
the formation of the mask 412 on the basis of lithography
techniques. Thereafter, the layer 426 A may be patterned on
the basis of the mask 412, wherein, in some illustrative
embodiments, a corresponding etch process may be contin-
ued so as to also remove the material 414N in the first tran-
sistor 450p. In other illustrative embodiments, the layers
426 A and 427A may be patterned on the basis of the mask
412, which may then be removed by any appropriate tech-
niques, such as oxygen plasma-based removal processes.

FIG. 45 schematically illustrates the device 400 after the
completion of the above-described process sequence, when
the layer 426A is patterned on the basis of the mask 412,
which may then be removed, while, in a further etch process
410, the material 414N in the first transistor 450p is removed,
while the remaining layer 426 A reliably covers the second
transistor 4507z. During the etch process 410, the material
414N may be efficiently removed to provide the recess 411,
while, in other embodiments, the etch process 410 may also
be controlled with respect to shape and depth requirements of
the recess 411. That is, the etch process 410 may be per-
formed so that an increased size, for instance an increased
depth, of the recess 411 may be obtained, or, in other embodi-
ments, an isotropic component may be used during the etch
process 410 so as to also significantly modify the shape of the
recess 411. For convenience, any such change of shape, for
instance by under-etching, is not shown.

FIG. 4c¢ schematically illustrates the device 400 during a
further selective epitaxial growth process 415 for forming a
strained semiconductor material 414P according to device
requirements for the first transistor 450p. During the process
415, the remaining layer 426 A acts as a growth mask, as is
previously described. Hence, a high degree of process flex-
ibility is obtained, for instance with respect to different sizes
and shapes of the strained semiconductor material portions
414P, 414N, while nevertheless a reduced process complexity
is provided due to the usage of a single growth mask, i.e., the
patterned layer 426 A. This may be accomplished by perform-
ing a common epitaxial growth process and subsequently
removing an unwanted portion of the selectively grown mate-
rial.

With reference to FIGS. 5a-5e, further illustrative embodi-
ments will now be described in which differently strained
semiconductor materials may be formed in a highly efficient
manner.

In FIG. 54, a semiconductor device 500 may comprise first
and second transistors 550p, 550n each comprising a gate
electrode 505, a gate insulation layer 504, a capping layer 509
and sidewall spacers 506. Regarding these components, the
same criteria apply as previously explained with reference to
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the devices 100, 200, 300, 400. Moreover, the device 500 may
be subjected to a process 540 for defining growth areas adja-
cent to the respective gate electrodes 505 which are to receive
respective strained semiconductor materials in a later stage.
In one illustrative embodiment, the process 540 may repre-
sent an oxidation process during which exposed semiconduc-
tor portions may be oxidized, while an oxidation of the gate
electrodes 505 is substantially suppressed by the spacers 506
and the capping layer 509, which may be comprised of silicon
nitride. Consequently, a respective oxidized portion 511 may
be formed, wherein the size and shape of the portion 511 may
substantially define the size and shape of a strained semicon-
ductor material to be formed in a later stage. In other illustra-
tive embodiments, the portions 511 may represent recesses
which may be formed by isotropic or anisotropic etch pro-
cesses, as previously described, wherein additionally an oxi-
dation process may be performed to form an oxidized surface
portion in the respective recesses. A corresponding process
strategy may be advantageous, when the substantially isotro-
pic behavior of the oxidation process 540 may be considered
inappropriate for the form of the finally obtained strained
semiconductor material.

FIG. 5b schematically shows the device 500 during a fur-
ther advanced manufacturing stage, in which a mask 512,
such as a resist mask and the like, is formed in order to cover
the first transistor 550p, while exposing the second transistor
5507 to an etch ambient 510. For example, a wet chemical
etch process or a plasma-based etch process or a combination
thereof may be performed to selectively remove oxidized
material in the portions 511 of the second transistor 550z.
Consequently, the size and shape of the corresponding
recesses 511A may be defined in some embodiments by a
highly controllable oxidation process, such as the process
540, since the etch process 510 may have a high etch selec-
tivity with respect to the semiconductor material of the layer
502, thereby substantially not removing any material thereof.
In some illustrative embodiments, the etch process 510 may
also include any cleaning processes for removing any con-
taminants in order to prepare the device 500 for a subsequent
selective epitaxial growth process. To this end, the mask 512
may be removed and an appropriate etch step may be per-
formed to remove the contaminants as required.

FIG. 5¢ schematically illustrates the device 500 after a
selective epitaxial growth process, thereby forming a strained
semiconductor material 514N while the material may not be
substantially deposited on the first transistor 550p due to the
encapsulation of the gate electrode 505 and the provision of
the oxidized portion 511. With respect to the characteristics of
the material 514N, the same criteria apply as previously
explained. Moreover, in some illustrative embodiments, the
material 514N may be provided with an extra height 514H so
as to provide excess material that may be available for a
surface modification as is also described with reference to the
device 300.

FIG. 5d schematically illustrates the device 500 during a
corresponding surface modification process 530, which, in
one illustrative embodiment, may be configured as a nitrida-
tion process for selectively converting a portion of the mate-
rial 514N into a silicon nitride-like material. Consequently,
the extra height provided in the previous selective epitaxial
growth process may be efficiently used to form a nitrogen-
enriched silicon material, which may have similar character-
istics as a silicon nitride material. As previously explained,
the extra height may be provided as a pure silicon material, as
a silicon/carbon material and the like. Moreover, during the
process 530, a corresponding less effective surface modifica-
tion of the oxidized portion 511 of the first transistor 550p
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may nevertheless result in a high etch selectivity with respect
to a corresponding material 531, as is previously explained.
Consequently, the oxidized portion 511 may be efficiently
removed, substantially without attacking the material 514N,
which is covered by the layer portion 531.

FIG. 5e schematically illustrates the device 500 after the
completion of the above-described process sequence and
exposed to a further epitaxial growth ambient 515 for the
formation of a respective strained material 514P, which may
have different characteristics compared to the material 514N,
similarly as is also described previously. Moreover, during
the selective epitaxial growth process 515, the layer portion
531 may act as a growth mask, thereby substantially sup-
pressing any material deposition on the material 514N.
Thereafter, the layer 531, as well as the spacers 506 and the
capping layers 509, may be removed in a common etch pro-
cess, for instance on the basis ofhighly selective wet chemical
etch recipes. Thereafter, the further processing may be per-
formed as is previously described. Hence, a highly efficient
and well-controllable technique is provided, in which difter-
ently strained semiconductor materials may be formed in
different transistors while nevertheless a significantly
reduced process complexity is achieved.

As a result, the present invention provides an enhanced
technique for the formation of different transistor types each
having a different type of strain in the respective channel
region, wherein embedded strained semiconductor layers are
provided, which may be formed individually for each differ-
ent transistor type. Hereby, a reduced process complexity
may be achieved by significantly reducing the required pro-
cess steps, especially for the formation of respective growth
masks. In some illustrative embodiments, a reduction of pro-
cess complexity may be achieved by reducing the number of
required growth masks by exposing a previously grown
strained semiconductor material to a further epitaxial growth
ambient so as to form a respective capping layer for the
previously formed material. In still other illustrative embodi-
ments, one growth mask may be formed on the basis of a
lithographical patterning process, while further growth
masks may be formed on the basis of “self-aligned” tech-
niques. In other illustrative embodiments, a high degree of
flexibility in positioning respective strained semiconductor
layers for different transistor types may be accomplished,
while nevertheless a reduced degree of complexity is pro-
vided, in that a differential disposable spacer approach is
used. Hence, even for highly advanced transistor elements,
such as fully or partially depleted SOI devices, an efficient
strain engineering for different transistor types may be
obtained.

The particular embodiments disclosed above are illustra-
tive only, as the invention may be modified and practiced in
different but equivalent manners apparent to those skilled in
the art having the benefit of the teachings herein. For example,
the process steps set forth above may be performed in a
different order. Furthermore, no limitations are intended to
the details of construction or design herein shown, other than
as described in the claims below. It is therefore evident that
the particular embodiments disclosed above may be altered or
modified and all such variations are considered within the
scope and spirit of the invention. Accordingly, the protection
sought herein is as set forth in the claims below.

What is claimed:

1. A method, comprising:

forming a first recess adjacent to a first gate electrode of a
first transistor, said first gate electrode formed above a
substrate comprising a crystalline semiconductor layer;
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forming a second recess adjacent to a second gate electrode

of a second transistor;

epitaxially growing a first strained semiconductor material

in said first recess while preventing growth of said first
strained semiconductor material in said second recess;
and

epitaxially growing a second strained semiconductor mate-

rial in said second recess and above said first strained
semiconductor material.
2. The method of claim 1, wherein forming said first and
second recesses comprises commonly forming sidewall spac-
ers on sidewalls of said first and second gate electrodes and
forming said first and second recesses in a common etch
process.
3. The method of claim 1, wherein epitaxially growing said
first strained semiconductor material comprises covering at
least said second recess and performing a first selective epi-
taxial growth process.
4. The method of claim 3, further comprising exposing said
second recess and performing a second selective epitaxial
growth process.
5. The method of claim 1, wherein said first strained semi-
conductor material has one of a compressive strain and a
tensile strain and said second strained semiconductor mate-
rial has the other one of said compressive strain and tensile
strain.
6. The method of claim 5, wherein said first transistor
represents a P-channel transistor and said first strained semi-
conductor material has a compressive strain.
7. The method of claim 1, further comprising forming a
metal silicide compound in said second strained semiconduc-
tor material located above said first strained semiconductor
material.
8. A method, comprising:
forming a first recess adjacent to a first gate electrode of a
first transistor, said first gate electrode formed above a
substrate comprising a crystalline semiconductor layer;

forming a second recess adjacent to a second gate electrode
of a second transistor;

forming a first strained semiconductor material in said first

recess using a first epitaxial growth process while cov-
ering said second recess with a growth mask that is
formed without a lithographical patterning process; and
forming a second strained semiconductor material in said
second recess using a second epitaxial growth process.

9. The method of claim 8, wherein forming said first and
second strained semiconductor materials comprises forming
a second growth mask above said first recess, selectively
growing said second semiconductor material in said second
recess, selectively forming said first growth mask on the basis
of said second growth mask and exposing said first and sec-
ond growth masks to an etch ambient for selectively removing
said second growth mask.

10. The method of claim 8, wherein forming said first and
second strained semiconductor materials comprises growing
said second strained semiconductor material in said first and
second recesses in a common epitaxial growth process, form-
ing a mask layer above said first and second transistors, litho-
graphically patterning said mask layer to form a second
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growth mask and removing said second strained semiconduc-
tor material from said first recess.

11. The method of claim 10, wherein lithographically pat-
terning said mask layer comprises etching said mask layer
and said second strained semiconductor material on the basis
of'a common resist mask.

12. The method of claim 8, wherein said one of said first
and second strained semiconductor materials is formed above
the other one of said first and second strained semiconductor
materials.

13. The method of claim 8, wherein forming said second
recess comprises oxidizing first and second substrate portions
corresponding to said first and second recesses, respectively
and selectively removing oxide from said second oxidized
portion to form said second recess.

14. The method of claim 13, wherein said second strained
semiconductor material is selectively grown using said first
oxidized portion as a second growth mask.

15. The method of claim 14, further comprising forming
said first growth mask on said second semiconductor material
and forming said first recess and said first strained semicon-
ductor material on the basis of said first growth mask.

16. The method of claim 15, wherein said first growth mask
is formed by surface modification process.

17. A method, comprising:

forming a first recess adjacent to a first gate electrode of a

first transistor, said first gate electrode having a first
sidewall spacer and formed above a substrate compris-
ing a crystalline semiconductor layer;

forming a first strained semiconductor material in said first

recess while covering a second transistor;

forming a second recess adjacent to a second gate electrode

of said second transistor, said second gate electrode
having a second sidewall spacer;

forming a second strained semiconductor material in said

second recess;

removing said first sidewall spacer; and

removing said second sidewall spacer.

18. The method of claim 17, wherein said first sidewall
spacer is removed prior to forming said second recess.

19. The method of claim 18, wherein said first sidewall
spacer is formed by forming a first mask layer above the first
and second transistors and patterning said first mask layer to
form said first sidewall spacer while maintaining said second
transistor covered by said first mask layer.

20. The method of claim 18, wherein said second sidewall
spacer is formed by forming a second mask layer above the
first and second transistors and patterning said second mask
layer to form said second sidewall spacer while maintaining
said first transistor covered by said second mask layer.

21. The method of claim 17, wherein a width of said first
sidewall spacer is adjusted independently from a width of said
second sidewall spacer.

22. The method of claim 17, further comprising providing
a buried insulating layer below said semiconductor layer.

23. The method of claim 17, wherein one of said first and
second strained semiconductor materials comprises a com-
pressive strain and the other one of said first and second
strained semiconductor materials comprises a tensile strain.

#* #* #* #* #*
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