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=4 BdRA, Woages =9 % 2 JFFE(halo implant) 9t S T EAES M 'I/\‘ A

A Zolth, olge e v dEA EAEAE £ H5E ¢ vk, dAdF(14)o2REH AE %ﬁﬂ]
(20)29 wxa] 949(16)2 FAE A& 9 9F 500 F2EE(Angstrom)o]t}.  JTE(26 2 28)9] Zo]

E 5o 350 X2EEo|t, 7]9(12), 2A2(14) B ¥heA 999 xge EAH o S0I(semiconductor on
insulator) 7|22 AAHE AL FAUT. HAZ(14)L 34H22 BiX(buried oxide)2 A AHATE. 0]
ZrAaE ddFe]l EAEA g Ea 4EE 7d: Y £ Av. EdA dd 99018)2 EANR
ZHE #A7Hor R AY Ee EdA A9 99(18)0] 2L v EWA2HES HA7HoR £

RN

29, H (26)ellA W= FH9(16) dol WEAZF(32)S oEE AT, AT(28)00A HHEA 94
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cubic centimeter)ZHFE <F 2620(2)(1020) atoms/ccZbA o]ty 30% AlZrtEollA, WEAZFE(32 H 34)
9 ZAQle] & HEF o AA 50 F2EEA AAE ¢ Ut ZIEL a8 EAEE F
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oA B4 FEoR WEEY] WEolth. g (40 B 42)dM 9] 19 Ge B B4 FEE I35 AYS ¢
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9 AL Exos @rh. o WHe, ®H E¥ Bdo] Baolm, £ 2ho Al L #do] o 5eld
atoms/cn S ZHE ok 220 atoms/on 749 AL EROR Fh. o] MHe, wF £y B A2 HE 9

=~ 3 B} 3
ok 2020 atoms/cn S ZHE 5e20 atoms/cm 74X AL §ACE dr), o] WHL HE9 = EF9 A3
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‘&, &2 49 gAlzoM Y Al vteA EFE, =8 999 gAzoAY A2 wixA EF1E; Al
of Zgle A3 vtxA Ed5s, A2 vxa &3 | ZeE A4 wEA Bd5 2 A3
o ZEE A WMEA FEE A4 wEd | ZelE A5 ey EA2e ¥
JEﬂMl el A, Al 2 A2 G EAEEE, EE AL wEA 2255 A2 EA 235
Al FAAEY] A ko A2 AYUES A = T Al HES TN =g 44 Al =
e 2EdA BAE o] gstd ¥4HR, Al LHAET 482 g 5Ho2 vt A3 ® A4 @
ZEL, T3 A3 BEA EAZH A4 OEH EES 47“] Al AeNEY A FE A2 A
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X EXEWHE (Y445 STRAINED FIN FETS STRUCTURE AND METHOD)

A method and structure for a transistor that
includes an insulator and a silicon structure on
the insulator. The silicon structure includes a
central portion and Fins extending from ends of
the central portion. A first gate is positioned
on a first side of the central portion of the
silicon structure. A strain-producing layer could
be between the first gate and the first side of
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o~ BEXHEAME (9444 - STRAINED FIN FETS STRUCTURE AND METHOD)

the central portion of the silicon structure and a
second gate 1s on a second side of the central
portion of the silicon structure.
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Techniques are disclosed for forming column I'V transistor devices having source/drain regions with
high concentrations of germanium, and exhibit reduced parasitic resistance relative to conventional devices.
In some example embodiments, the source/drain regions each includes a thin p-type silicon or germanium
or SiGe deposition with the remainder of the source/drain material deposition being p-type germanium or a
germanium alloy (e.g., germanium: tin or other suitable strain inducer, and having a germanium content of
at least 80 atomic % and 20 atomic % or less other components). In some cases, evidence of strain relaxation
may be observed in the germanium rich cap layer, including misfit dislocations and/or threading dislocations
and/or twins. Numerous transistor configurations can be used, including both planar and non-planar
transistor structures (e.g., FinFETs and nanowire transistors), as well as strained and unstrained channel

structures.
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[ 2]

Techniques are disclosed for forming column IV transistor devices having source/drain
regions with high concentrations of germanjum, and exhibit reduced parasitic resistance relative to
conventional devices. In some example embodiments, the source/drain regions each includes a
thin p-type silicon or germanium or SiGe deposition with the remainder of the source/drain material
deposition being p-type germanium or a germanium alloy (e.g., germanium:tin or other suitable
strain inducer, and having a germanium content of at least 80 atomic % and 20 atomic % or less
other components). In some cases, evidence of strain relaxation may be observed in the
germanium rich cap layer, including misfit dislocations and/or threading dislocations and/or twins.
Numerous transistor configurations can be used, including both planar and non-planar transistor
structures (e.g., FinFETs and nanowire transistors), as well as strained and unstrained channel

structures.
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FECHNIQUE FOR:SERAIN 'ENGINEERING IN SI-BASED TRANSISTORS BY USING EMBEDDED
SEMICONDUCTOR LAYERS INCLUDING ATOMS WITH HIGH COVALENT RADIUS
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 having strained channel regions by using embedded silicon/germanium
to enhance charge carrier mobility in the channel region of a MOS transistor.

2. DESCRIPTION OF THE RELATED ART

The fabrication of integrated circuits requires the format'ion of a léfge 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 operating
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 substrate 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 region.

The conductivity of the channel region, i.e., the drive current capability of the conductive channel, is
controlled by a gate electrode formed above the channel region and separated 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 direction, on the
distance between the source and drain regions, which is also referred to as channel length. Hence, in
combination 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 performance of 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 operating speed of the integrated circuits.
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Ene:l eonnmng - Shriakage of the transistor dumenstons, nowever, involves a plurality of issues
associated therewith that have to be addressed so as to not unduly offset the advantages obtained by steadily
decreasing the channel length of MOS transistors. One major problem in this respect is the development of
enhanced photolithography and etch strategies to reliably and reproducibly create circuit elements of critical
dimensions, such as the gate electrode of the transistors, for a new device generation. Moreover, highly
sophisticated 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. In addition, the vertical location of the PN junctions with respect to the gate insulation layer also
represents a critical design criterion in view of leakage current control. Hence, reducing the channe] length
usually also requires reducing the depth of the drain and source regions with respect to the interface formed by
the gate insulation layer and the channel region, thereby requiring sophisticated implantation techniques.
According to other approaches, epitaxially grown regions are formed with a specified offset to the gate electrode,
which are referred to as raised drain and source regions, to provide increased conductivity of the raised drain and
source regions, while at the same time maintaining a shallow PN junction with respect to the gate insulation
layer.

Since the continuous size reduction of the critical dimensions, i.e., the gate length of the transistors,
necessitates the adaptation and possibly the new development of highly complex process techniques concerning
the above-identified process steps, it has been proposed to also enhance the channel conductivity of the transistor
elements by increasing the charge carrier 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 scaling, 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 compressive 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 increases the
mobility of electrons, wherein, depending on the magnitude and direction of the tensile strain, an increase in
mobility of 50% or more may be obtained, which, in turn, may directly translate into a corresponding increase in
the conductivity. 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 transistors. The introduction of stress or

strain engineering into integrated circuit fabrication is an extremely promising approach for further device
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generanons-siive; 01 exanmipley siraned siicon may be considered as a “new” type of semiconductor material,
which may enable the fabrication of fast powerful semiconductor devices without requiring expensive
semiconductor materials, while many of the well-established manufacturing techniques may still be used.

Consequently, it has been proposed to introduce, for instance, a silicon/germanium layer or a
silicon/carbon layer in or below the channel region to create tensile or compressive stress that may result in a
corresponding strain. Transistor performance may be considerably enhanced by the introduction of stress-
creating layers in or below the channel region, and therefore significant efforts have been made to implement the
formation of corresponding stress layers into the conventional and well-approved MOS technique. For instance,
additional epitaxial growth techniques have been developed and implemented into the process flow to form the
germanium or carbon-containing stress layers at appropriate locations in or below the channel region.

In other 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. Hence, although providing advantages in terms of process
complexity over the above-discussed approach requiring additional stress layers within the channel region, the
efficiency of the stress transfer mechanism may depend on the process and device specifics and may result in a
reduced performance gain for one type of transistors.

In another approach, the hole mobility in 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 transistor by epitaxial growth. This
technique offers significant advantages in view of performance gain of the PMOS transistor and thus of the
entire CMOS device.

Thus, strain engineering by means of embedded semiconductor materials, especially of
silicon/germanium, provided as strained or relaxed layers depending on the desired effect, has proven to be a
powerful means in increasing the device performance of advanced silicon-based transistors. It turns out,
however, that the degree of strain induced in the respective channel regions depends on the amount of lattice
mismatch between the basic silicon and the embedded semiconductor compound. For silicon/germanium, a

maximum concentration of germanium for currently established epitaxial growth techniques is limited to

Page 3 of 21

Page 1164 of 1640



10

WO 2007/053381 PCT/US2006/041559
dpprokintately26%, ‘Sinde ‘Stliciwite germanium conglomeration may occur, which in turn may result in a non-
desired stress relief in the corresponding embedded semiconductor compound material, thereby also reducing the
strain in the respective channel region.

In view of the above-described situation, there exists a need for an improved technique that enables
efficiently increasing strain by embedded semiconductor materials, while substantially avoiding or at least
reducing one or more of the above-identified problems.

SUMMARY OF THE INVENTION

The following presents a simplified summary of the invention 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 for creating strain in specified regions of a
crystalline semiconductor layer, in which a lattice mismatch between a silicon-based lattice, i.e., a lattice having
a diamond-like lattice structure, and a semiconducior compound having per se an increased lattice spacing is
taken advantage of for this purpose. A corresponding technology is conventionally used for creating strained
silicon channels in highly advanced silicon-based MOS transistor elements, wherein, as previously explained,
the amount of strain obtained by this mechanism is, among others, significantly restricted by the limited
germanium concentration that may be successfully used in currently established epitaxial growth techniques.
Therefore, in the present invention, additionally or alternatively to germanium, a further atomic species may be
used that has a significantly increased covalent radius with respect to the boding characteristics within a silicon-
like crystalline structure, thereby enabling a high degree of crystal distortion with a significantly reduced amount
of non-silicon atoms in the respective silicon-based crystalline structure. In illustrative embodiments of the
present invention, tin (Sn) may be used as an addition or a substitute for germanium as tin atoms have the same
valence compared to silicon and germanium and also exhibit a significantly larger covalent radius.

According to one illustrative embodiment of the present invention, ;:1 transistor device comprises a
substrate having formed thereon a crystalline semiconductor layer having a diamond-like crystalline structure.
The crystalline semiconductor layer comprises a stress-inducing region comprised of silicon and a further atomic

species having the same valence as silicon in the crystalline stracture and having a covalent radius that is greater

Page 4 of 21

Page 1165 of 1640



10

15

20

25

WO 2007/053381 PCT/US2006/041559

:han a'dovalentithdius biigérmaniiim. Moreover, the transistor device comprises a gate electrode formed above

the crystalline semiconductor layer and a strained channel region,

According to another illustrative embodiment of the present invention, a semiconductor device
comprises a crystalline semiconductor layer having a first portion comprising silicon and tin to form a first
strained region in the crystalline semiconductor layer.

In accordance with still another illustrative embodiment of the present invention, a method comprises
forming, in a crystalline semiconductor layer, a crystalline structure on the basis of silicon and at least one
further atomic species having a covalent radius that is greater than a covalent radius of germanium. Moreover,
the method comprises using the crystalline structure to create strain in a first specified region of the
semiconductor layer.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention may be understood by reference to the following description taken in conjunction with
the accompanying drawings, in which like reference numerals identify like elements, and in which:

Figures la-1d schematically show cross-sectional views of a semiconductor device during various
manufacturing stages in forming a sirained region in a crystalline semiconductor layer on the basis of silicon and
a further species that may be built into the diamond structure of silicon and has an increased covalent radius
compared to germanium, according to illustrative embodiments of the present invention;

Figures 2a-2d schematically show cross-sectional views during various manufacturing stages in forming
a transistor device receiving an embedded strained semiconductor region for creating compressive strain in a
respective channel region in accordance with further illustrative embodiments of the present invention; and

Figure 3 schematically illustrates a cross-sectional view of a semiconductor device comprising different
transistor elements that receive a different amount of tin for creating a different magnitude of strain in
accordance with still another illustrative embodiment 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, equivalents, and

alternatives falling within the spirit and scope of the invention as defined by the appended claims.
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'DETATLED DESCRIPTION OF THE INVENTION

Illustrative 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 decisions must be made to

5 achieve the developers® specific goals, such as compliance with system—related and business-related constraints,
which will vary from one implementation to another. Moreover, it will be appreciated that such a development
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,

0 systems and devices are schematically depicted in the drawings for purposes 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 under-
standing of those words and phrases by those skilled in the relevant art. No special definition of a term or

S phrase, i.e., a definition that is different from the ordinary and customary 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.

0 Generally, the present invention contemplates an enhanced strain-inducing mechanism by means of
strained or relaxed semiconductor structures having a diamond-type lattice structure with a different lattice
spacing compared to a non-strained silicon crystal. As previously explained, the mechanism of providing a
strained or relaxed silicon/germanium layer within appropriate locations of a silicon-based semiconductor device
provides an efficient strain engineering technique so as to correspondingly enhance the charge carrier mobility,

5 especially within channel regions of highly advanced MOS transistor devices. These techniques rely on epitaxial
growth processes, during which a strained or relaxed silicon/germanium layer may be formed, depending on the
device requirements.

Moreover, recently, local selective epitaxial growth techniques have been developed which may
effectively suppress a significant material deposition on dielectric surfaces, while efficiently depositing silicon,

0 silicor/germanium and the like on exposed silicon or silicon-like surfaces. For example, if a silicon/germanium
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layeér 'is! dépohited on i okystlling’silicon layer, the silicon/germanium material may be deposited so as to have
substantially the same lattice spacing as the underlying orystalline “template” so that a strained
silicon/germanium layer is formed, since an undisturbed silicon/germanium crystal may have a somewhat
enlarged lattice spacing compared to a pure silicon crystal. The difference in lattice spacing of a
silicon/germanium layer and a silicon layer depends on the germanium concentration. Therefore, the amount of
strain created in the silicon/germanium layer also depends on the germanium concentration. As previously
explained, however, in currently used epitaxial growth techniques, a maximum germanium concentration may
range up to approximately 25-30%, whereas a higher concentration may actually result in a germanium
conglomeration, which in turn may result in an increased defect rate and thus relaxation of the initially strained
silicon/germanium layer.

According to the present invention, a desired degree of lattice mismatch and thus strain may be adjusted
on the basis of an atomic species having a significantly larger covalent radius compared to germanium, wherein,
in some illustrative embodiments, the valence of the atomic species under consideration is substantially identical
to silicon or germanium with respect to a covalent bonding structure in a diamond-like crystalline structure. In
one illustrative embodiment, tin, having a covalent radius of 1.40 A, may be used as a suitable atomic species.
For example, silicon having a covalent radius of 1.17 A may be used in combination with germanium having a
covalent radius of 1.22 A, wherein, additionally, a certain amount of tin may be incorporated to create a
significantly enlarged lattice mismatch. Since the difference in covalent radius between silicon and tin is
significantly higher compared to the difference in radius between silicon and germanium, a more pronounced
effect on the overall- lattice structure may be achieved with a reduced number of non-silicon atoms.
Consequently, the germanium concentration may be kept well below a critical value of approximately 25% while
an enhanced lattice mismatch may still be obtained by adding a certain amount of tin.

Furthermore, in some illustrative embodiments, silicon may be used in combination with tin, without
adding any germanium, thereby providing a moderately high degree of lattice modification with a significantly
reduced number of non-silicon atoms. For example, in some embodiments, it is contemplated to incorporate a
certain amount of tin by other techniques such as implantation in addition or alternatively to the incorporation of
tin by means of epitaxial growth. Since a reduced number of tin atoms may nevertheless significantly contribute
to a lattice distortion, even atomic concentrations achievable by currently used implantation techniques may be
sufficient to create a specified strain or at least to fine tune the lattice mismatch and thus the degree of strain

achieved thereby. Since jon implantation is a well-established technique, which may be performed at room
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temperatilre-birtie basis-of'redistimasks formed by photolithography, a corresponding incorporation of tin may
be accomplished in a highly efficient and even a highly local fashion, thereby providing additional flexibility in
process techniques and device design. For example, a concentration of approximately 10% tin atoms/cm?, which
may be achievable by presently performed implantation techniques, may enable an efficient adjustment or
control of strain in a corresponding silicon/tin or silicon/germanium/tin crystalline structure.

In the following detailed description, it may be referred to specific applications of the principles of the
present invention, i.e., the incorporation of an atomic species having an enlarged covalent radius so as to create
strain in a specified crystalline semiconductor region. It should be appreciated, however, that any restriction to
specific transistor architectures, such as SOI-like transistors, bulk devices, transistors having raised drain and
source regions and the like, are not intended unless such specific restrictions are explicitly set forth in the
detailed description as well as in the appended claims.

With reference to Figures 1a-1d, 2a-2d and 3, further illustrative embodiments of the present invention
will now be described in more detail. Figure 1a schematically shows a cross-sectional view of a semiconductor
device 100 at an early manufacturing stage. The semiconductor device 100 comprises a substrate 101, which
may represent any appropriate substrate for carrying a semiconductor layer 102, in and on which circuit
elements, such as transistors, capacitors, resistors and the like, may be formed. For example, the substrate 101
may represent a bulk semiconductor substrate, such as a silicon substrate, or may represent any insulating
substrate, such as an SOI-like substrate, wherein the semiconductor layer 102 may be formed on a buried
insulation layer (not shown). It should be appreciated that, although the present invention is highly
advantageous in combination with highly scaled MOS transistors as are typically fabricated in advanced CMOS
technologies including transistors having a gate length of 50 nm and even less, the principles of the present
;nvention may also be applied to less critical applications so that, for existing designs, a significant performance
increase may be achieved.

The semiconductor layer 102 may be a silicon-based crystalline semiconductor layer, wherein the term
silicon-based is to be understood as a material layér comprising silicon with a concentration of at least atomic
50%. In illustrative embodiments, the semiconductor layer 102 may represent a doped silicon layer as is
typically used for highly complex integrated circuits having transistor elements with a gate length in the above
specified range. A further substantially crystalline layer 103 may be formed on the layer 102 and may represent
a so-called buffer layer, in which the crystalline mismatch and thus the concentration of a specific atomic species

such as germanium, tin, and the like may gradually increase to allow for the formation of a substantially relaxed
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tresd-indubihilorystillihe-ta¥ér 104 thereon, which may comprise at least one atomic species in combination
with silicon that has a covalent radius that is greater than that of germanium. In one illustrative embodiment, the
stress-inducing layer 104 may be comprised of silicon, germanium and tin, wherein a concéntration of
germanium/ may range from less than 1% to approximately 25%, while a concentration of tin may range from
approximately 0.1-25%. In some embodiments, the germanium content may be selected to be well below 25%,
for instance 1-10%, while the tin content may be selected within a range of approximately 0.1-10%. In still other
embodiments, the stress-inducing layer 104 may be comprised of silicon and tin substantially without any
germanium.

The layer 104 may represent a substantially relaxed layer having a diamond-like structure according to
the crystalline template provided by the layer 102 which is transferred via the buffer layer 103 into the layer 104,
wherein, however, the lattice spacing of the layer 104 may differ from that of the layer 102 depending on the
concentration of germanium and tin.

The semiconductor device 100 as shown in Figure 1a may be formed in accordance with the following
processes. After providing the substrate 101, which may represent a silicon bulk substrate or an SOI substrate
having formed thereon the layer 102, the thickness of which may be adapted by an epitaxial growth process, the
buffer layer 103 may be formed by an epitaxial growth process 105, in which one or more non-silicon species
may l;e deposited with varying concentrations so as to form the buffer layer 103. For example, the formation of
silicon/germanium buffer layers on the basis of germanium hydride (GeH,) is well established and may be used
for forming the layer 103 when no additional atomic species, such as tin, is considered appropriate in the buffer
layer 103. In other embodiments, the buffer layer 103 may be formed on the basis of a further atomic species
such as tin, which may be accomplished by providing tin hydride (SnH,) as a precursor for the epitaxial growth
process 105, wherein tin hydride may be handled in a similar fashion as germanium hydride.

By appropriately depositing the material of the buffer layer 103, a corresponding lattice structure may
increasingly deviate from the basic crystalline template of the layer 102 in terms of lattice spacing so that finally
the layer 104 may then be deposited as a substantially unstrained, i.e., relaxed, semiconductor layer with an
increased lattice spacing compared to the original lattice spacing of the layer 102. For this purpose, during the
epitaxial growth process 105, a desired amount of tin and, if desired, a respective amount of germanium may be
provided in combination with the silicon, which still represents the majority of the material in the layer 104
After a desired layer thickness is achieved, the epitaxial growth process 105 may be discontinued and a further

epitaxial growth process may be performed so as to deposit a substantially crystalline silicon layer above the
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rayer-#04) Hnetier nboditienty, the epitaxial growth process 105 may be modified to subsequently deposit
silicon, doped or undoped, depending on device requirements, wherein the substantially relaxed layer 104 acts as
a crystalline template. Consequently, the silicon deposited thereon may have substantially the same crystalline
structure, which represents a strained crystalline structure compared to a natural crystalline silicon layer, such as
the layer 102. Consequently, a certain degree of tensile strain may be generated.

Figure 1b schematically shows the semiconductor device 100 in a further advanced manufacturing
stage. As is shown, a further crystalline silicon layer 106 is formed in the layer 104 in accordance with the
above-described epitaxial growth technique. Consequently, the layer 106 exhibits intrinsic tensile strain,
indicated as 107, thereby efficiently modifying the charge carrier mobility in the layer 106. Moreover, a gate
clectrode 108 is formed above the layer 106 and is separated therefrom by a gate insulation layer 109. The gate
electrode 108 in combination with the gate insulation layer 109 defines a channel region 110 within the layer
106, which, as previously explained, exhibits the tensile strain 107, thereby increasing, for instance, the mobility
of electrons in the channel region 110. Consequently, the performance of a corresponding transistor element
including the gate electrode 108 and the channel region 110 may be significantly enhanced, wherein the degree
of tensile strain 107 may be efficiently adjusted and controlled on the basis of the epitaxial growth process 105.
Consequently, by means of the stress-inducing layer 104, an efficient strain-creating mechanism may be
provided for generating tensile strain in the silicon-based layer 106.

Figure 1c schematically shows the semiconductor device 100 in accordance with another illustrative
embodiment, in which compressive strain may be generated in a specified region of a crystalline semiconductor
layer. In this embodiment, the stress-inducing layer 104 may be directly formed on the crystalline layer 102,
which again acts as a crystalline template during the epitaxial growth process 105, which may now have been
configured such that the layer 104 is itself grown as a substantially strained layer, since the crystalline structure
of the layer 102 is substantially maintained within the layer 104, thereby reducing its natural lattice spacing so
that the channel region 110 may be a compressively strained region, thereby modifying the mobility of holes,
which may be advantageous in forming a P-channel transistor on the basis of the channel region 110 and the gate
electrode 108.

Thereafter, starting from the device 100 as shown in Figure 1b or in Figure lc, the further
manufacturing process may be continued on the basis of well-established techniques for forming MOS

transistors, which will be described in more detail later on with reference to Figures 2a-2d.

Page 10 of 21

Page 1171 of 1640



10

15

20

25

30

WO 2007/053381 PCT/US2006/041559

A Previously -explamedi*a moderately low concentration of the atomic species having the increased
covalent radius may suffice so as to modify a corresponding lattice mismatch required for the generation of
compressive or tensile strain, as is explained with reference to Figures la-lc. Thus, in some illustrative
embodiments, additionally or alternatively to the epitaxial growth process 105, other techniques for
incorporating the atomic species, such as diffusion and implantation, may be used. For example, an implantation
process may be performed to introduce, for instance, tin atoms into the layer 104, thereby increasing the
corresponding concentration and thus the induced strain.

Figure 1d schematically shows an illustrative embodiment in which the semiconductor device 100
comprises a first device region 150, in which the gate electrode 108 may be formed, while, in a second device
region 160, a second gate electrode 118 may be formed on a second gate insulation layer 119, wherein the
second device region 160 may be covered by an implantation mask 121, which may be provided in the form of a
resist mask. Moreover, the semiconductor device 100 is subjected to an ion implantation 120 for introducing tin
in a local fashion. For example, in the embodiment shown, it may be assumed that the layer 104 has been
formed by the epitaxial growth process 103, as explained with reference to Figure 1c, thereby providing the layer
104 with an intrinsic strain 107. By further implanting tin ions in the vicinity of the gate electrode 108, the
corresponding tin concentration may be increased, wherein a high dose, such as 10' t0 10" ions/fcm® may be
used to provide a moderately high additional concentration of tin atoms within the layer 104. The implantation
parameters of the process 120 may be selected on the basis of well-established simulation models in order to
obtain an implantation energy for substantially depositing the tin ions within the layer 104 without unduly
damaging the “template layer” 102.

After the completion of the implantation process 120, the resist mask 121 may be removed and the
device 100 may be subjected to an anneal process for re-crystallizing damaged portions in the layer 104 and for
substantially placing the implanted species at lattice sites to rebuild the strained lattice in the layer 104. Due to
the increased tin concentration in the vicinity of the channel region 110, an even increased compressive strain
may be generated therein, thereby also causing a more efficient modification of the charge carrier mobility.

It should be appreciated that the above-described embodiment is only of an illustrative nature and a
variety of modifications may be considered. - For instance, the implantation process 120 may be performed prior
to the formation of the gate electrodes 108 and 118 on the basis of the mask 121, so that the entire exposed
portion of the layer 104 may receive the increased tin contents. In still other illustrative embodiments, the

epitaxial growth process 105 may be omitted when the tin concentration incorporated by the implantation
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. procedst 120k gorisiderdd -Slifficight for generating the desired degree of strain 107. In still other illustrative

embodiments, the epitaxial growth process 105 may be performed on the basis of silicon and genﬁanium and the
implantation process 120 may be used to locally introduce tin atoms, thereby providing a means for fine tuning
the finally obtained strain. For example, the first and second device regions 150, 160 may represent regions for
different transistor types or may represent different die regions, in which a different degree of strain is required.
For instance, in highly sensitive device regions of complex microprocessors, such as static RAM areas, none or a
significantly reduced strain may be desirable, while, in logic areas, such as a CPU core, an increased degree of
stress may be preferable to enhance operating speed of the CPU core. Consequently, due to the enhanced effect
of the atomic species, such as tin, having the increased covalent radius, on the crystalline structure, a
concentration achievable by implantation techniques may be appropriate so as to locally adjust the strain.

With reference to Figures 2a-2d, further illustrative embodiments of the present invention will now be
described in more detail in which an embedded strained semiconductor material is formed in drain and source
regions of a transistor element to induce a corresponding strain in the adjacent channel region.

Figure 2a schematically shows in a cross-sectional view a semiconductor device 200 comprising a
substrate 201 having formed thereon a crystalline semiconductor layer 202. The substrate 201 may represent a
bulk silicon substrate or an SOI-like substrate, ie., the substrate 201 may have formed thereon a buried
insulating layer (not shown) above which is formed the crystalline semiconductor layer 202, The semiconductor
layer 202 may represent a silicon-based layer, ie., the layer 202 may at least comprise approximately 50%
silicon. Moreover, a transistor element 250 at an early manufacturing stage may be formed in and above the
crystalline semiconductor layer 202. In this stage, a gate electrode 208 may be formed above the layer 202 and
may be comprised of doped polysilicon, or any other appropriate material may be provided above the layer 202
and may be separated therefrom by a gate insulation layer 209. It should be appreciated that other approaches
and transistor architectures may also be used in combination with the present invention, in which, for example,
the gate electrode 208 may represent a replacement or dummy gate electrode, which may be removed in a later
stage of manufacture to provide a conductive material of enhanced electrical characteristics. The gate electrode
208 may be “encapsulated” by a capping layer 230 and respective spacer elements 231, which may be separated
from the gate electrode 208 by a respective liner 232. For instance, the capping layer 230 and the spacer 231
may be comprised of any appropriate dielectric material, such as silicon nitride, silicon oxynitride and silicon
dioxide, which may be used as an etch and growth mask in an etch process and an epitaxial growth process for

the formation of an embedded strained semiconductor region. The liner 232 is typically formed of a material
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Having. b higH éiehsdibetivity Withrespect to the spacer 231. For instance, a combination of silicon dioxide and
silicon nitride for the liner 232 and the spacer 231 may be efficiently used on the basis of well-established etch
recipes.

The semiconductor device 200 as shown in Figure 2a may be formed in accordance with the following
5 processes. After manufacturing the substrate 201, which may include advanced wafer bond techniques or other
methods of forming a buried insulation layer, if SOI-like substrates are considered, the gate electrode 208 and
the gate insulation layer 209 may be formed by deposition and/or oxidation for forming an appropriate gate
insulation material, followed by the deposition of an appropriate gate electrode material. Thereafter, advanced
lithography and etch techniques may be applied in accordance with well-established recipes to pattern the
10 corresponding layers, thereby forming the gate electrode 208 and the gate insulation layer 209, wherein, during
the patterning process, the capping layer 230 may also be patterned, which may have been used as an anti-
reflective coating (ARC) layer, a hard mask layer and the like. Next, a liner material may be conformally
deposited on the basis of plasma enhanced chemical vapor deposition (PECVD) followed by the deposition of a
spacer layer, which is then patterned by an anisotropic etch process, thereby obtaining the spacer 231.
15 Thereafter, the exposed residuals of the liner 232 may be removed and then the device 200 may be subjected to
an anisotropic etch process 233 for forming a respective cavity or recess adjacent to the encapsulated gate

electrode 208.
Figure 2b schematically shows the semiconductor device 200 in a further advanced manufacturing
stage, wherein a recess or cavity 234 is formed after the completion of the anisotropic etch process 233. Next,
20 the device 200 may be subjected to any pretreatments for preparing the device 200 for a subsequent selective
epitaxial growth process. For instance, appropriate cleaning processes may be performed to remove
contaminants and etch byproducts from exposed surfaces of the device 200. Thereafter, a selective epitaxial
growth process 246 may be performed, wherein, in one illustrative embodiment, an appropriate deposition
atmosphere may be established on the basis of a silicon-containing precursor material, 2 germanium-containing
25 precursor material, and a precursor including an atomic species having the same valence as silicon and
germanium and exhibiting an increased covalent radius compared to germanium. In one illustrative
embodiment, the deposition ambient may be created on the basis of tin hydride (SnH,) to provide a desired
concentration of tin within the deposition atmosphere of the process 246. As previously explained, typically, in
selective epitaxial growth processes, the process parameters, such as pressure, temperature, type carrier gases

30 and the like, are selected such that substantially no material is deposited on dielectric surfaces, such as surfaces
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. OF thdl.binpiddlayet 230 & spacers 231, while a deposition is obtained on exposed surfaces of the
crystalline layer 202, thereby using this layer as a crystalline template, which substantially determines the
crystalline structure of the epitaxially grown material. In this illustrative embodiment, the material grown within
at least a portion of the recess 234 is to be provided as a strained material, i.e., the material should exhibit the
5 same crystalline structure and, thus, substantially the same lattice spacing as the basic template of the layer 202,
which results in a highly strained material region due to the presence of germanium and 2 further atomic species
having an increased covalent radius, such as tin. Consequently, due to the presence of strained crystalline

material, a corresponding strain is also created in a channel region 235 located adjacent to the recess 234.
As previously explained, due to the enhanced covalent radius of tin with respect to silicon and
10 germanium, a significantly reduced amount of non-silicon atoms may be sufficient to achieve a corresponding
strained semiconductor material during the epitaxial growth process 246. Consequently, a moderately low
concentration of, for instance, tin within the deposition atmosphere in the range of approximately 0.1-10% may
be considered appropriate for creating the required strain. In other embodiments, the deposition atmosphere of
the process 246 may be established on the basis of silicon and the at least one further atomic species having the
15 increased covalent radius, such as tin, substantially without adding any germanium, thereby providing enhanced
design flexibility when the influence of a substantial amount of germanium may be considered inappropriate
with respect to other electrical characteristics, such as leakage current of PN junctions and the like. During the
epitaxial growth process 236, a concentration of tin and/or germanium and thus of silicon may be controlled in
any appropriate manner. For example, in some cases, it may be appropriate to locate the tin atoms more closely
20 to an upper surface of the drain and source regions still to be formed due to a different diffusion behavior of tin
compared to germanium in subsequent high temperature processes in the further processing of the device 200.
In other illustrative embodiments, the tin may be provided in the vicinity of areas in which a metal silicide is to
be subsequently formed, wherein the significantly reduced amount of tin atoms may provide increased flexibility
in creating the metal silicide, compared to a corresponding device that would require a significantly increased
25 germanium content for creating the same amount of strain, which may, however, impose significant restrictions
with respect to the subsequent silicidation process. In still other embodiments, a final silicon layer may be
formed on top of the strained silicon/germanium/tin layer or the silicon/tin layer formed by the epitaxial growth

process 246.

Figure 2¢ schematically shows the semiconductor device 200 after the completion of the epitaxial

30 growth process 236. Hence, the device 200 comprises a recessed strained semiconductor region 236 having a
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srystalling: stiutture thatiesrrespoilds to the diamond-structure of the silicon-based layer 202. Due to the lattice
mismatch, as the natural lattice spacing of the crystalline structure in the region 236 is larger than a regular
silicon spacing, a compressive strain 207 is generated in the channel region 235, thereby providing an enhanced
mobility for holes during the operation of the transistor 250. Moreover, due to the partial or complete
substitution of germanium by an atomic species having an enlarged covalent radius, such as tin, a significantly
increased value for the strain 207 may be obtained on the basis of a concentration of non-silicon atoms in the
region 236 that is well below a limit for conglomeration, as is previously encountered in conventional devices,
when a high germanium content is used. However, as previously explained, the germanium and/or tin
concentration within the region 236 may vary in the depth direction to account for various device requirements.
For instance, in the embodiment shown, a specific “overgrowth” may have been formed to enhance a subsequent
silicidation process, thereby reducing the resulting contact resistance. Moreover, an upper region of the
epitaxially grown material 236, indicated as 236A, may be provided, which may have a reduced germanium
concentration while still providing a high degree of strain by correspondingly increasing the tin concentration,
which may, however, still be significantly less compared to a silicon/germanium region producing the same
amount of strain 207, thereby allowing enhanced flexibility in selecting appropriate refractory metals for the
subsequent silicidation process. It should be appreciated that any other appropriate variation in the germanium
and/or tin concentration within the region 236 may be created during the preceding epitaxial growth process.

Thereafter, the spacers 231 and the capping layer 230 may be removed, possibly after any implantation
processes for forming drain and source regions, when the spacers 231 have appropriate dimensions for obtaining
the desired lateral profile, at least of a part of the drain and the source regions. In other cases, the spacers 231
and the capping layer 230 may be removed and a conventional process sequence may be carried out to form
spacer elements with intermediate implantation processes for obtaining the required complex lateral profiling of
the drain and source region defined by design rules.

Figure 2d schematically shows the semiconductor device 200 at an advanced manufacturing stage, in
which the transistor 250 is substantially finished. Thus, the device 200 comprises a sidewall spacer structure
237, which may include a plurality of individual spacer elements separated by respective liners. Moreover, a
drain and source region 239 has a specified lateral dopant profile in accordance with device requirements.
Moreover, metal silicide regions 238 may be formed on the drain and source regions 239 and a corresponding
metal silicide region 239 may be formed in the gate electrode 208. Consequently, the channel region 235 may be

compressively strained due to the strain 207 created by the region 236, thereby significantly enhancing the drive
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eurtehticapatity-or enraidigtd#250, which may represent a P-channel transistor. Due to the provision of the
atomic species having the increased covalent radius in the region 236, a significant increase of the strain 207
may be achieved compared to conventional devices including an embedded silicon/germanium region.
Moreover, by appropriately designing the germanium and/or tin concentration in the region 236, an
5 enhanced flexibility in forming the metal silicide regions 238 may be provided. For example, a highly
conductive nickel silicide may be formed in the region 238 by reducing the germanium content at least in the
upper portion 236A while nevertheless providing enhanced strain by correspondingly increasing the tin
concentration. Consequently, a significant gain in performance may be obtained while nevertheless a high
degree of compatibility with conventional processes for forming embedded silicon/germanium semiconductor
10 structures may be maintained and an additional freedom in the design may be obtained. For this purpose, a
corresponding epitaxial growth process may be adapted to include the provision of appropriate precursor
material such as tin hydride (SnFl), on the basis of which an appropriate and desired incorporation of non-silicon
atoms may be achieved, which allows efficient control of the created strain substantially without creating any
stress relief by phase segregation and crystal slips inside the strained semiconductor region 236.
15 Figure 3 schematically shows a cross-sectional view of a semiconductor device 300 in accordance with
still other embodiments. The semiconductor device 300 comprises a first transistor 350 and second transistor
360 formed above a substrate 301 on the basis of a crystalline semiconductor layer 302. With respect to the
substrate 302 and the semiconductor layer 302, the same critetia apply as previously explained with reference to
the components 101, 102, 201 and 202. Moreover, in the embodiment illustrated, the transistors 350, 360 may
20 have encapsulated gate electrodes 308 and formed adjacent thereto corresponding raised semiconductor regions
336, 336A. In other illustrative embodiments (not shown), the raised regions 336, 336A may not be provided
and may merely represent a portion of the crystalline semiconductor layer 302.
The device 300 as shown in Figure 3 may be formed in accordance with a process strategy as is
previously described with reference to Figures 2a-2b, wherein, however, the transistors 350, 360 may represent
25 transistors that may receive a different magnitude of strain, since these transistors may represent transistors at
different die regions or may represent transistors of different conductivity type. For example, the first transistor
350 may represent a P-channel transistor while the transistor 360 may represent an N-channel transistor.
Consequently, during a corresponding etch process for forming respective cavities or recesses to accommodate
the semiconductor regions 336, 336A, an enhanced process uniformity may be achieved since the etch process

30 may not require any hard masks to completely cover one transistor type, while exposing the other. Similarly, in
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“he slilistg idht-bpitduinll gawth Brocess, an enhanced degree of uniformity may be achieved across the substrate

301 due to the reduction of any loading effects that may also be an issue in conventional techniques, in which

one transistor type is to be' completely covered while the other type is exposed. During the corresponding

epitaxial growth process for forming the raised semiconductor regions 336, 336A, a small amount of germanium

5 and/or tin may be incorporated to provide a “basic” strain 307 that is compatible with the performance of, for

instance, the second transistor 360. In other illustrative embodiments, when the basic strain 307 is considered

inappropriate, a corresponding cavity etch and a subsequent epitaxial growth process may be omitted. In other

cases, the transistor 360 may represent a P-channel transistor in a critical device region, such as a static RAM

area, which may receive a reduced amount of strain 307, while the transistor 350 may require an increased strain.

10 In one illustrative embodiment, an implantation process 320 may be performed, during which the first

transistor 350 is exposed while the second transistor 360 may be covered by a resist mask 321. During the

implantation 320, tin may be implanted into the region 336, thereby increasing the tin concentration therein,

which may lead to a desired increase of strain due to the increased covalent radius of tin generating a lattice

distortion more efficiently. Since a high concentration in terms of implantation induced concentrations may be

15 required, such as approximately 10?° atoms/cm? or even more, the region 336 may be substantially amorphized

during the implantation 320. Consequently, an anneal process may be performed to re-crystallize the

substantially amorphized portion 336 on the basis of the crystalline template 302, thereby forming a highly

strained crystal structure in the region 336. As a consequence, the initially present strain 307 may be increased

to a value 307A to thereby obtain the required mobility gain in the transistor 350. Thereafter, the further

20 processing for completing the transistors 350 and 360 may be continued as is previously described with
reference to Figures 2a-2d.

In other illustrative embodiments, the implantation process 320 may be performed without a preceding
formation of the regions 336, 336A, when the creation of the strain 307A obtained by a concentration achieved
by the implantation 320 is considered appropriate. For example, in highly sensitive device regions, a strain

25 engineering on the basis of a strained semiconductor material may not be inappropriate for N-channel transistors,
while a “mild” strain in the channel region of PMOS transistors may be desirable. In this situation, the
implantation sequence 320 may be applied prior to the formation of any drain and source regions, wherein, in
one embodiment, additionally the implantation 320 may be performed as a pre-amorphization implantation to

enhance the subsequent dopant introduction for forming the drain and source regions. Consequently, a highly
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selectie-fierioihandsliniptavétrsht may be achieved with a high degree of compatibility with existing process
techniques substantially without grossly affecting the N-channel transistors.

As a result, the present invention provides an improved technique for the formation of strain by means
of strained or relaxed semiconductor material in that an atomic species, such as tin, having greater covalent

5 radius compared to germanium is incorporated into respective crystalline silicon-based semiconductor layers,
thereby significantly reducing the risk for stress relief due to conglomeration and lattice defects. In illustrative
embodiments, the atomic species having the increased covalent radius may be incorporated by an epitaxial
growth process on the basis of an appropriate precursor material, such as tin hydride (SuH,). Moreover, by
incorporating the atomic species by other techniques, such as implantation, a highly localized strain engineering

10 may be accomplished, thereby offering high flexibility for process and product design.

The particular embodiments disclosed above are illustrative only, as the invention may be modified and
piacticed 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

15 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.
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CLAIMS

WHAT IS CLAIMED:

1. A method, comprising:

forming, in a crystalline semiconductor layer (104, 236, 336), a crystalline structure on the basis of
silicon and at least one further atomic species having a covalent radius that is greater than a covalent radius of
germanium; and

using said crystalline structure to create strain (107, 207, 307) in a first region (110, 235, 335) of said

semiconductor layer.

2. The method of claim 1, wherein forming said crystalline structure comprises at least one of epitaxially
growing said silicon and said at least one further atomic species and depositing said silicon and said at least one

further atomic species.

3. The method of claim 1, wherein forming said crystalline structure comprises implanting said at least
one further atomic species into a first portion of said crystalline semiconductor layer and re-crystallizing said

portion using said crystalline semiconductor layer as a crystalline template.

4. The method of claim 3, further comprising forming a silicon/germanium crystal in said structure and

implanting said at least one further atomic species to adjust the amount of strain in said first region.

5. The method of claim 3, further comprising implanting said at least one further atomic species into a
second portion so as to create a second strain (307A) in a second region of said crystalline semiconductor layer,

said second strain differing from said first strain (307).

6. The method of claim 1, further comprising forming a gate electrode (108, 208, 308) above said
crystalline semiconductor layer, wherein said crystalline structure is formed with a lateral offset to said gate

electrode (108, 208, 308).

7. The method of claim 6, further comprising forming a recess (234) adjacent to said gate electrode (108,

208, 308) and forming at least a portion (236, 336) of said crystalline structure within said recess.

8. A semiconductor device, comprising:
a crystalline semiconductor layer (104, 236, 336) having a first stress-inducing region (335) comprising
silicon and at least one further atomic species having a covalent radius that is greater than a covalent radius of

germanium.

9. The semiconductor device of claim 8, further comprising:

a gate electrode (108, 208, 308) formed above said crystalline semiconductor layer (104); and

Page 19 of 21

Page 1180 of 1640



WO 2007/053381 PCT/US2006/041559

#mtiaited channg] tegmn{110, 235, 335), wherein said first stress-inducing region is formed in a drain

and source region.

5 . 10. The semiconductor device of claim 8, wherein said first stress-inducing region comprises tin.
11. The semiconductor device of claim 10, wherein said first stress-inducing region comprises germanium.
12. The semiconductor device of claim 8, further comprising a second stress-inducing region (335)
10 comprising silicon and the least one further atomic species, wherein a concentration of the at least one further

atomic species in the first stress-inducing region is different than a concentration of the at least one further

atomic species in the second stress-inducing region (335).
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MULTI-LAYER SOURCE/DRAIN STRESSOR

Background
Field

[0001] This disclosure relates generally to integrated circuits, and more specifically, to
integrated circuits having a multi-layer source/drain stressor.

Related Art

[0002] One of the techniques for improving N channel and P channel transistor
performance is by introducing strain to the channel. One of the techniques to introduce
strain is to remove semiconductor material from the source/drain locations and regrowing a
semiconductor material epitaxially which is of a different composition. For example, one
approach for improving P channel performance, where the initial semiconductor material and
thus the channel is just silicon, is regrowing a combination of silicon and germanium (SiGe)
in the source/drain regions which exerts a compressive stress on the channel. One of the
difficulties is that the amount of stress being exerted is dependent on the germanium
concentration but increasing the germanium concentration can cause the formation of
defects which then causes a reduction in the stress being exerted. In addition, as the device
dimension shrinks during the technology evolution, one critical challenge is to maintain good

performance characteristics for short channel transistors.

[0003] Thus, there is a need for improving on the technique for regrowing the

source/drains to provide stress to the channel.

Brief Description of the Drawings

[0004] The present invention is illustrated by way of example and is not limited by the
accompanying figures, in which like references indicate similar elements. Elements in the

figures are illustrated for simplicity and clarity and have not necessarily been drawn to scale.

[0005] FIG. 1 is a cross section of a semiconductor device at a stage in processing

according to an embodiment of the invention;

[0006] FIG. 2 is a cross section of the semiconductor device of FIG. 1 at a subsequent

stage in processing;

[0007] FIG. 3 is a cross section of the semiconductor device of FIG. 2 at a subsequent
stage in processing;
-1-
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[0008] FIG. 4 is a cross section of the semiconductor device of FIG. 3 at a subsequent

stage in processing;

[0009] FIG. 5 is a cross section of the semiconductor device of FIG. 4 at a subsequent

stage in processing;

[0010] FIG. 6 is a graph showing relative boron concentration in a semiconductor region,

which includes epitaxially grown regions, of the semiconductor device of FIG. 5; and

[0011] FIG. 7 is a graph showing relative germanium concentration in the semiconductor

region of the semiconductor device of FIG. 5.

Detailed Description

[0012] In one aspect, source/drains regions adjacent to a gate are removed and regrown
using multiple layers of a different semiconductor combination. In one embodiment the
semiconductor combination is an alloy of silicon and germanium (SiGe). The first layer has
a first concentration of germanium and is doped with a first concentration of boron. Growth
of the first layer is terminated before defects begin occurring. A first subsequent layer is
grown at reduced germanium concentration which would not have defects until a second
thickness is reached in which the second thickness is greater than the first thickness. The
first subsequent layer is grown without defects and is boron-doped to a second
concentration of boron greater than the first concentration of boron. A second subsequent
layer is then grown at increased germanium concentration compared to the first subsequent
layer and which is grown to a sufficiently low thickness so that there are substantially no
defects. The boron doping is further increased in the second subsequent layer. Thus, the
first subsequent layer provides defect relief against the high germanium concentration layers
of the first layer and the second subsequent layer. The boron is increased as distance from
the channel is increased to avoid adverse short channel effects. This is further explained in

the following description and the drawings.

[0013] Shown in FIG. 1 is a semiconductor device 10 comprising a semiconductor
substrate 12, an insulating layer 14 over substrate 12, a semiconductor region 16 over
insulating layer 14, a trench isolation region 18 surrounding semiconductor region 16, a gate
22 overlying a center portion semiconductor region 16, a sidewall spacer 24 surrounding
gate 22, an insulating cap 30 over gate 22, a gate dielectric between gate 22 and
semiconductor region 16, a source/drain extension 25 adjacent to one side of gate 22 in a
top surface of semiconductor region 16, and a source/drain extension 27 on the other side of
gate 22 on the top surface of semiconductor region 16. The region between source/drain

-
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extensions 25 and 27, which is along the top surface of semiconductor region 16 and under
gate 22, will function as a channel. This structure of FIG. 1 arises from forming gate 22,
performing an implant to form source/drain extensions 25 and 27, forming sidewall spacer
24, and removing portions of semiconductor 16 using trench isolation region 18, gate 22, cap
30, and sidewall spacer 24 as a mask to result in an opening 26 adjacent to gate 22 on one
side and opening 28 adjacent to gate 22 on the other side. This etch can be isotropic,
preferably a dry isotropic etch, so that portions of openings 26 and 28 are under sidewall
spacer 24. While this etch is occurring the N channel transistors are masked off and thus
are not etched. Sidewall spacer is shown as one material formed by a conformal deposition
followed by an anistropic etch but it may be formed in several layers and may include a liner.
As an alternative It may be formed simply as a liner rather than one or more sidewall
spacers. One example is a nitride spacer with an oxide liner between the nitride spacer and
gate 22 as well as between the nitride spacer and semiconductor region 16. Semiconductor
region 16 in this described example is just silicon, as the semiconductor material, that may
have background doping and other dopings such as a halo implant. The principles
described may have applicability with other semiconductor materials as well. An exemplary
thickness for semiconductor region 16 from insulating layer 14 to gate dielectric 20 is about
500 Angstroms. An exemplary depth for openings 26 and 28 is 350 Angstroms. The
combination of substrate 12, insulating layer 14, and semiconductor region makes up what is
commonly called an SOI (semiconductor on insulator) substrate. Insulating layer 14 is
commonly referred to as a BOX (buried oxide). This process may also be effective for a bulk
silicon substrate in which the insulating layer is not present. Trench isclation 18 provides

electrical isolation for the transistor or transistors that it surrounds.

[0014] Shown in FIG. 2 is semiconductor device 10 after epitaxially growing a
semiconductor layer 32 on semiconductor region 16 in opening 26 and semiconductor layer
34 on semiconductor region 16 in opening 28. Semiconductor layers 32 and 34 are about
50 Angstroms thick in this example and are boron-doped SiGe. The concentration of Ge is
about 30 atomic percent (%). This is a Si to Ge ratio of 2.3 to 1. The boron doping in this
example is from about 5e19 (5x10"°) atoms per cubic centimeter (atoms/cc) to about 220
(2x10%) atoms/cc. At 30% germanium, semiconductor layers 32 and 34 can be grown to 50
Angstroms directly on just silicon without developing defects. Avoiding defects is important
because defects tend to relax the layer where they are. If that occurs, that defeats the
primary purpose of growing the layers of generating stress on the channel. The relatively
high Ge% in the first grown layers (layers 32 and 34) is important in retarding dopant
diffusion into the channel region to improve short channel device control. The reason is that

dopant (e.g., Boron) diffusivity is significantly reduced in SiGe with high Ge% than in Si. The
-3-
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boron concentration of about 519 atoms/cc to 2e20 atoms/cc is a relatively low
concentration that further reduces the boron diffusing into the channel to reduce short
channel effects. Also by including boron in the epitaxial growth, this avoids the need for
implanting. Implanting also tends to generate the type of defects that cause relaxation so is
preferably avoided. The thickness of layer 32 may not be uniform in the lateral and vertical

directions because the upward growth tends to be faster than lateral growth.

[0015] Shown in FIG. 3 is semiconductor device 10 after epitaxially growing a
semiconductor layer 36 on semiconductor layer 32 and epitaxially growing a semiconductor
layer 38 on semiconductor layer 34. Semiconductor layers 36 and 38 are, in this example,
about 250 Angstroms and are also boron-doped SiGe. In this layer the germanium content
is about 25 % (Si to Ge ratio of 3 to 1) and the boron concentration is from about 2e20/cc to
5e20/cc. This reduction in germanium concentration supports the increase of stressor film
thickness without generating defects. The increase in boron concentration is for increasing
conductivity but the risk in generating short channel problems is reduced by being further
from the channel. The lateral growth is low as the growth continues so the thickness of
semiconductor layers 36 and 38 in the lateral direction is much less than the 250 Angstrom

growth in the upward direction.

[0016] Shown in FIG. 4 is semiconductor device 10 after epitaxially growing a
semiconductor layer 40 on semiconductor layer 36 and epitaxially growing a semiconductor
layer 42 on semiconductor layer 38. Semiconductor layers 40 and 42 are, in this example,
about 300 Angstroms and are also boron-doped SiGe. In this layer the germanium content
is about 30 % and the boron concentration is from about 5e20/cc to 1e21/cc. This increase
in germanium concentration increases the stress that is generated and can be thicker than
semiconductor layers 32 and 34 because they are grown on SiGe instead of just Si, and
further, the upper portion of semiconductor layers 40 and 42 can have defects without
causing adverse affects because the upper portion is converted to a metal alloy in a
subsequent step. The increased Ge and boron concentrations at top layers 40 and 42

reduces contact resistance.

[0017] Shown in FIG. 5 is semiconductor device 10 after converting the upper portion of
semiconductor layers 40 and 42 to metal germanium silicide layers 44 and 46. This
conversion of a top portion of source/drain region to a silicide is a common practice for
forming contacts. The increased Ge and boron concentrations at top layers 40 and 42
reduces contact resistance at the silicide-semiconductor interface. With germanium present

in the semiconductor, the resulting metal silicide alloy includes silicon and germanium. Any
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defects in semiconductor layers 40 and 42 that are ultimately consumed in the metallization

process to form metal germanium silicide layers 44 and 46 do not cause adverse effects.

[0018] Shown in FIG. 6 is a graph showing the increase in boron concentration from the
top of insulating layer 14 to the top surface of semiconductor layers 40 and 42. The abrupt
change in boron concentration at the interface with semiconductor layer 16 is beneficial
because it causes an abrupt PN junction which is better for reducing leakage across the PN

junction as well as reducing junction capacitance.

[0019] Shown in FIG. 7 is a graph showing the changes in germanium concentration
from the top of insulating layer 14 to the top surface of semiconductor layers 40 and 42. The
scale does not begin at zero but shows the initial high concentration, the reduced
intermediate concentration, and the final high concentration. This is an efficient way of

achieving the desired result of high stress in the stressor with low defects.

[0020] Thus, it is seen that by altering the concentration of germanium in multiple layers
it is possible to have the stressor provide a greater stress while reducing the risk of
generating defects. The effectiveness is dependent both the germanium concentration and
the thicknesses chosen. As the germanium concentration rises the thickness will need to be
reduced, especially for concentrations over 30%. If higher concentration is used, it may be
beneficial to provide additional layers of alternating germanium concentration. Further, by
increasing the boron concentration as the layers are added the risk of short channel effects

are reduced while obtaining good conductivity.

[0021] Thus described is a method for forming a semiconductor device. The method
comprises forming a recess in a source region and a recess in a drain region of the
semiconductor device, forming a first semiconductor material in the source region and
second semiconductor material layer in the recess of the drain region, a third semiconductor
material, and a fifth semiconductor material, forming a third semiconductor material layer
overlying the first semiconductor material layer and a fourth semiconductor material layer
overlying the second semiconductor material layer, and forming a fifth semiconductor
material layer overlying the third semiconductor material layer and a sixth semiconductor
material layer overlying the fourth semiconductor material layer. The step of forming the first
and second semiconductor material layer is further characterized by each of the first
semiconductor material layer and the second semiconductor material layer being formed
using a stressor material having a first ratio of an atomic concentration of a first element and
an atomic concentration of a second element, wherein the first element is silicon and a first

level of concentration of a doping material. The step of forming the third and fourth
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semiconductor layers is further characterized by each of the third semiconductor material
layer and the fourth semiconductor material layer having a second ratio of the atomic
concentration of the first element and the atomic concentration of the second element,
wherein the second ratio is higher than the first ratio and wherein each of the third
semiconductor material layer and the fourth semiconductor material layer have a second
level of concentration of the doping material, wherein the second level of concentration of
the doping material is higher than the first level of concentration of the doping material. The
step of forming the fifth and sixth semiconductor material layers is further characterized by
each of the fifth semiconductor material layer and the sixth semiconductor material layer
having a third ratio of the atomic concentration of the first element and the atomic
concentration of the second element, wherein the third ratio is lower than the second ratio
and wherein each of the fifth semiconductor material layer and the sixth semiconductor
material layer have a third level of concentration of the doping material, wherein the third
level of concentration of the doping material is higher than the second level of concentration
of the doping material. The method may be further characterized by the stressor material
bieing an alloy of silicon and germanium such that the second element is germanium. The
method may be further characterized by the doping material being one or more of a group V
element in the periodic table. . The method may be further characterized by the first ratio of
the atomic concentration of the first element to the atomic concentration of the second
element being about 2.3 to 1. The method may be further characterized by the doping
material being boron and the first level of concentration of the doping material being from
about 5e19 atoms per cm®to about 2e20 atoms per cubic centimeter. The method may be
further characterized by the second ratio of the atomic concentration of the first element to
the atomic concentration of the second element being about 3.0 to 1. The method may be
further characterized by the doping material being boron and the second level of
congentration of the doping material being from about 2e20 atoms per cm® to 5¢20 atoms
per cubic centimeter. . The method may be further characterized by the third ratio of the
atomic concentration of the first element to the atomic concentration of the second element
being about 2.3 to 1. The method may be further characterized by the doping material being
boron and the third level of concentration of the doping material being in a range from about

5e20 atoms per cm® to 1€21 atoms per om®.

[0022] Also described is a method for forming a semiconductor device comprising
forming a recess in a source region and a recess in a drain region of the semiconductor
device, forming a first semiconductor material layer in the recess in the source region and a
second semiconductor material layer in the recess in the drain region, forming a third

semiconductor material layer overlying the first semiconductor material layer and a fourth
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semiconductor material layer overlying the second semiconductor material layer, and
forming a fifth semiconductor material layer overlying the third semiconductor material layer
and a sixth semiconductor material layer overlying the fourth semiconductor material layer.
The step of forming the first and second semiconductor material layers is further
characterized by each of the first semiconductor material layer and the second
semiconductor material layer being formed using a stressor material having a first ratio of an
atomic concentration of a first element and an atomic concentration of a second element,
wherein the first element is silicon and wherein each of the first semiconductor material layer
and the second semiconductor material layer have a first level of concentration of a doping
material. The step of forming the third and fourth semiconductor material layers is further
characterized by each of the third semiconductor material layer and the fourth
semiconductor material layer have a second level of concentration of the doping material,
wherein the second level of concentration of the doping material is higher than the first level
of concentration of the doping material. The step of forming the fifth and sixth
semiconductor material layers is further characterized by each of the fifth semiconductor
material layer and the sixth semiconductor material layer having a third level of concentration
of the doping material, wherein the third level of concentration of the doping material is
higher than the second level of concentration of the doping material. The method may be
further characterized by the doping material being one or more of a group V element in the
periodic table. The method may be further characterized by the doping material being boron
and the first level of concentration of the doping material being from about 519 atoms per
cm’ to about 2e20 atoms per cm®. The method may be further characterized by the second
level of concentration of the doping material is from about 2620 atoms per cm?® to 520
atoms per cm®. The method may be further characterized by the third level of concentration
of the doping material being in a range from about 5620 atoms per cm® to 1e21 atoms per

om?.

[0023] Also described is a semiconductor comprising a a first semiconductor material
layer in a recess in a source region and a second semiconductor material layer in a recess in
a drain region; a third semiconductor material layer overlying the first semiconductor material
layer and a fourth semiconductor material layer overlying the second semiconductor material
layer; and a fifth semiconductor material layer overlying the third semiconductor material
layer and a sixth semiconductor material layer overlying the fourth semiconductor material
layer. The first and second semiconductor material layers are further characterized by each
of the first semiconductor material layer and the second semiconductor material layer using
a stressor material having a first ratio of an atomic concentration of a first element and an

atomic concentration of a second element and a first level of concentration of a doping
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material, wherein the first element is silicon. The third and fourth semiconductor material
layers being further characterized by each of the third semiconductor material layer and the
fourth semiconductor material layer having a second ratio of the atomic concentration of the
first element and the atomic concentration of the second element, wherein the second ratio
is higher than the first ratio and wherein each of the third semiconductor material layer and
the fourth semiconductor material layer have a second level of concentration of the doping
material, wherein the second level of concentration of the doping material is higher than the
first level of concentration of the doping material. The fifth and sixth semiconductor material
layers being further characterized by each of the fifth semiconductor material layer and the
sixth semiconductor material layer having a third ratio of the atomic concentration of the first
element and the atomic concentration of the second element, wherein the third ratio is lower
than the second ratio and wherein each of the fifth semiconductor material layer and the
sixth semiconductor material layer have a third level of concentration of the doping material,
wherein the third level of concentration of the doping material is higher than the second level
of concentration of the doping material. The semiconductor device may be further
characterized by the stressor material being an alloy of silicon and germanium such that the
second element is germanium. . The semiconductor device may be further characterized by
the doping material being one or more of a group V element in the periodic table. The
semiconductor device may be further characterized by the first ratio of the atomic
congcentration of the first element to the atomic concentration of the second element being
about 2.3 to 1. The semiconductor device may be further characterized by the doping
material being boron and the first level of concentration of the doping material being from
about 519 atoms per cm®to about 2€20 atoms per cm?®, the second level of concentration of
the doping material being from about 220 atoms per cm? to 520 atoms per cm?, and the
third level of concentration of the doping material being in a range from about 5e20 atoms
per cm® to 1e21 atoms per cm®. The semiconductor device may be further characterized by
the second ratio of the atomic concentration of the first element to the atomic concentration

of the second element being about 3.0 to 1.

[0024] Although the invention is described herein with reference to specific
embodiments, various modifications and changes can be made without departing from the
scope of the present invention as set forth in the claims below. For example, rather than
adding stress to P channel transistors, stress may be added to N channel transistors by
exerting tensile stress on the channels of the N channel transistors in a similar manner of
providing source/drain stressors. This may be achievable by regrowing silicon carbon and
altering the concentration of carbon in different layers to provide the desired stress while

avoiding defect creation. Further it may be beneficial to increase the N channel dopant in
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layers as well analogous to increasing the boron dopant for the P channel transistors.
Although this may be less necessary for the case where the dopant is arsenic, due to its
lower rate of diffusion, there may still some benefit. Accordingly, the specification and
figures are to be regarded in an illustrative rather than a restrictive sense, and all such
modifications are intended to be included within the scope of the present invention. Any
benefits, advantages, or solutions to problems that are described herein with regard to
specific embodiments are not intended to be construed as a critical, required, or essential

feature or element of any or all the claims.

[0025] Furthermore, the terms “a” or “an,” as used herein, are defined as one or more
than one. Also, the use of introductory phrases such as “at least one” and “one or more” in
the claims should not be construed to imply that the introduction of another claim element by
the indefinite articles "a" or "an" limits any particular ¢laim containing such introduced claim
element to inventions containing only one such element, even when the same claim includes
the introductory phrases "one or more" or "at least one" and indefinite articles such as "a" or

"an." The same holds true for the use of definite articles.

[0026] Unless stated otherwise, terms such as “first” and “second” are used to arbitrarily
distinguish between the elements such terms describe. Thus, these terms are not
necessarily intended to indicate temporal or other prioritization of such elements.
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CLAIMS

What is claimed is:

1. A method for forming a semiconductor device comprising:

forming a recess in a source region and a recess in a drain region of the
semiconductor device;

forming a first semiconductor material layer in the recess in the source region and a
second semiconductor material layer in the recess in the drain region, wherein
each of the first semiconductor material layer and the second semiconductor
material layer are formed using a stressor material having a first ratio of an
atomic concentration of a first element and an atomic concentration of a second
element, wherein the first element is silicon and a first level of concentration of a
doping material;

forming a third semiconductor material layer overlying the first semiconductor
material layer and a fourth semiconductor material layer overlying the second
semiconductor material layer, wherein each of the third semiconductor material
layer and the fourth semiconductor material layer have a second ratio of the
atomic concentration of the first element and the atomic concentration of the
second element, wherein the second ratio is higher than the first ratio and
wherein each of the third semiconductor material layer and the fourth
semiconductor material layer have a second level of concentration of the doping
material, wherein the second level of concentration of the doping material is
higher than the first level of concentration of the doping material; and

forming a fifth semiconductor material layer overlying the third semiconductor
material layer and a sixth semiconductor material layer overlying the fourth
semiconductor material layer, wherein each of the fifth semiconductor material
layer and the sixth semiconductor material layer have a third ratio of the atomic
concentration of the first element and the atomic concentration of the second
element, wherein the third ratio is lower than the second ratio and wherein each
of the fifth semiconductor material layer and the sixth semiconductor material
layer have a third level of concentration of the doping material, wherein the third
level of concentration of the doping material is higher than the second level of

congcentration of the doping material.

2. The method of claim 1, wherein the stressor material is an alloy of silicon and

germanium such that the second element is germanium.
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3. The method of claim 1, wherein the doping material is one or more of a group V
element.
4. The method of claim 3, wherein the first ratio of the atomic concentration of the first

element to the atomic concentration of the second element is about 2.3 to 1.

5. The method of claim 3, wherein the doping material is boron and the first level of
concentration of the doping material is from about 5619 atoms per cm®to about 2e20 atoms

per cubic centimeter.

6. The method of claim 3, wherein the second ratio of the atomic concentration of the

first element to the atomic concentration of the second element is about 3.0 to 1.

7. The method of claim 3, wherein the doping material is boron and the second level of
concentration of the doping material is from about 2e20 atoms per cm® to 5620 atoms per

cubic centimeter.

8. The method of claim 3, wherein the third ratio of the atomic concentration of the first
element to the atomic concentration of the second element is about 2.3 to 1.

9. The method of claim 3, wherein the doping material is boron and the third level of
concentration of the doping material is in a range from about 5620 atoms per cm® to 1e21

atoms per cm?.

10. A method for forming a semiconductor device comprising:

forming a recess in a source region and a recess in a drain region of the
semiconductor device;

forming a first semiconductor material layer in the recess in the source region and a
second semiconductor material layer in the recess in the drain region, wherein
each of the first semiconductor material layer and the second semiconductor
material layer are formed using a stressor material having a first ratio of an
atomic concentration of a first element and an atomic concentration of a second
element, wherein the first element is silicon and wherein each of the first
semiconductor material layer and the second semiconductor material layer have
a first level of concentration of a doping material;

forming a third semiconductor material layer overlying the first semiconductor

material layer and a fourth semiconductor material layer overlying the second
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semiconductor material layer, wherein each of the third semiconductor material
layer and the fourth semiconductor material layer have a second level of
concentration of the doping material, wherein the second level of concentration of
the doping material is higher than the first level of concentration of the doping
material; and

forming a fifth semiconductor material layer overlying the third semiconductor
material layer and a sixth semiconductor material layer overlying the fourth
semiconductor material layer, wherein each of the fifth semiconductor material
layer and the sixth semiconductor material layer have a third level of
concentration of the doping material, wherein the third level of concentration of
the doping material is higher than the second level of concentration of the doping

material.

11. The method of claim 10, wherein the doping material is one or more of a group V

element.

12. The method of claim 11, wherein the doping material is boron and the first level of
concentration of the doping material is from about 5e19 atoms per cm®to about 2e20 atoms

per cm?®.

13. The method of claim 11, wherein the second level of concentration of the doping

material is from about 2e20 atoms per cm? to 5¢20 atoms per cm®.

14. The method of claim 11, wherein the third level of concentration of the doping

material is in a range from about 5e20 atoms per cm® to 121 atoms per cm?®.

15. A semiconductor device comprising:

a first semiconductor material layer in a recess in a source region and a second
semiconductor material layer in a recess in a drain region, wherein each of the
first semiconductor material layer and the second semiconductor material layer
are formed using a stressor material having a first ratio of an atomic
concentration of a first element and an atomic concentration of a second element
and a first level of concentration of a doping material, wherein the first element is
silicon;

a third semiconductor material layer overlying the first semiconductor material layer
and a fourth semiconductor material layer overlying the second semiconductor

material layer, wherein each of the third semiconductor material layer and the
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fourth semiconductor material layer have a second ratio of the atomic
concentration of the first element and the atomic concentration of the second
element, wherein the second ratio is higher than the first ratio and wherein each
of the third semiconductor material layer and the fourth semiconductor material
layer have a second level of concentration of the doping material, wherein the
second level of concentration of the doping material is higher than the first level
of concentration of the doping material; and

a fifth semiconductor material layer overlying the third semiconductor material layer
and a sixth semiconductor material layer overlying the fourth semiconductor
material layer, wherein each of the fifth semiconductor material layer and the
sixth semiconductor material layer have a third ratio of the atomic concentration
of the first element and the atomic concentration of the second element, wherein
the third ratio is lower than the second ratio and wherein each of the fifth
semiconductor material layer and the sixth semiconductor material layer have a
third level of concentration of the doping material, wherein the third level of
concentration of the doping material is higher than the second level of

concentration of the doping material.

16. The semiconductor device of claim 15, wherein the stressor material is an alloy of

silicon and germanium such that the second element is germanium.

17. The semiconductor device of claim 15, wherein the doping material is one or more of

agroup V.

18. The semiconductor device of claim 17, wherein the first ratio of the atomic
concentration of the first element to the atomic concentration of the second element is about
2.3t0 1.

19. The semiconductor device of claim 17, wherein the doping material is boron and the
first level of concentration of the doping material is from about 5e19 atoms per cm® to about
2e20 atoms per cm®, the second level of concentration of the doping material is from about
2e20 atoms per cm?® to 5620 atoms per cm®, and the third level of concentration of the

doping material is in a range from about 5620 atoms per cm® to 1e21 atoms per cm®.

20. The scmiconductor device of claim 17, whercin the sccond ratio of the atomic concentration

of the first element to the atomic concentration of the second element is about 3.0 to 1.
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PERFORMANCE ENHANCEMENT IN PMOS AND NMOS TRANSISTORS ON
THE BASIS OF SILICON/CARBON MATERIAL

BACKGROUND OF THE INVENTION
1. FIELD OF THE INVENTION

Generally, the present disclosure relates to integrated circuits, and, more particularly,

to the formation of different transistor types having strained channel regions by using an

embedded strain-inducing material to enhance charge carrier mobility in the channel regions.

2 DESCRIPTION OF THE RELATED ART

Integrated circuits have found a widespread applicability in many fields due to the

continuous increase of functions that may be provided on a given chip area. Integrated
circuits are composed of numerous individual circuit components, such as transistors,
wherein several million or even several hundred million individual transistors may be
provided in complex devices. 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 character-
istics in view of operating 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 substrate
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 region. The conduc-
tivity of the channel region, i.e., the drive current capability of the conductive channel, is
controlled by a gate electrode formed near to the channel region and separated 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 charge carriers and, for a given extension of
the channel region in the transistor width direction, on the distance between the source and
drain regions, which is also referred to as channel length. 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 operating speed of the

integrated circuits.
Page 1 of 27
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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
advantages obtained by steadily decreasing the channel length of MOS transistors. One
major problem in this respect is the development of enhanced photolithography and etch
strategies to reliably and reproducibly create circuit elements of critical dimensions, such as
the gate electrode of the transistors, 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.

The continuous size reduction of the critical dimensions, i.e., the gate length of the
transistors, necessitates the adaptation and possibly the new development of highly complex
process techniques concerning the above-identified process steps. It has, therefore, been
proposed to enhance the channel conductivity of the transistor elements by increasing the
charge carrier mobility in the channel region for a given channel length, thereby offering the
potential fdr 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 scaling. 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 compressive 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
having a standard (100) surface orientation may increase the mobility of electrons, which, in
turn, may directly translate into a corresponding increase in the conductivity. 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 transistors. 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 semiconductor material, which may enable the fabrication of
fast powerful semiconductor devices without requiring expensive semiconductor materials,

while many of the well-established manufacturing techniques may still be used.
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In one 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 compresstvely 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 transistor 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.

In other approaches, silicon/carbon material may be used for NMOS transistors to
create a desired lattice mismatch specifically in the channel regions of the NMOS transistors,
which may frequently be accomplished by ion implantation of carbon into the drain and
source regions. However, the performance gain for transistors of different conductivity type
on the basis of silicon/carbon alloys may lead to an even more complex process flow, as the
various steps for the formation of respective strain layers may have to be appropriately
integrated in the complex manufacturing flow, which may result in a less pronounced

performance gain than expected.

The present disclosure is directed to various methods and devices that may avoid, or

at least reduce, the effects of one or more of the problems identified above.

SUMMARY OF THE INVENTION

The following presents a simplified summary of the invention 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 inven-
tion 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 disclosure relates to techniques and semiconductor devices
which enable the manufacture of differently strained semiconductor materials embedded into
drain and source areas, wherein at least a semiconductor alloy may be used having a natural
lattice constant that is less compared to a natural lattice constant of silicon. For example, in

some illustrative aspects disclosed herein, a silicon/carbon alloy may be used in combination
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with a further semiconductor alloy, such as a silicon/germanium alloy, to provide different
types of strain for transistors of different conductivity type, while nevertheless providing an
efficient manufacturing strategy, for instance with respect to using appropriate etch stop and
spacer layers and/or incorporating appropriate implantation species prior to forming the
corresponding semiconductor alloys. Hence, the advantages of each of the different semi-
conductor alloys may be taken advantage of while not unduly contributing to additional
process complexity compared to conventional strategies in which usually a single strain-
inducing semiconductor alloy may be used. In other illustrative aspects disclosed herein, a
semiconductor material, such as silicon/carbon, which may typically be employed for
enhancing characteristics of N-channel transistors, may also be provided in P-channel
transistors in combination with sophisticated stress memorization techniques, thercby
obtaining a desired type of strain in the P-channel transistors while at the same time enabling
enhanced overall manufacturing efficiency and additional gain in transistor performance due
to the positive effects of the carbon species in the drain and source areas of the P-channel

transistor.

One illustrative method disclosed herein relates to forming a strained semiconductor
material in a first transistor of a first conductivity type and a second transistor of a second
conductivity type. The method comprises forming a stack of layers above a first gate
electrode structure of the first transistor and a second gate electrode structure of the second
transistor, wherein the first and second gate electrode structures comprise a respective cap
layer and wherein the stack of layers comprises a spacer layer and an etch stop layer formed
above the spacer layer. The method additionally comprises forming a mask above the second
transistor by using the etch stop layer and forming a first spacer element at the first gate
electrode structure from the spacer layer. Moreover, first cavities are formed in drain and
source areas of the first transistor on the basis of the first spacer element and a first strained
semiconductor material is formed in the first cavities. The method further comprises forming
second cavities in drain and source areas of the second transistor on the basis of the second
spacer element formed from the spacer layer. Finally, the method comprises forming a
second strained semiconductor material in the second cavities, wherein the first and second

strained semiconductor materials have a different material composition.

A further illustrative method disclosed herein comprises forming first cavities

adjacent to a first gate electrode structure of a first transistor and second cavities adjacent to a
Page 4 of 27
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second gate electrode structure of a second transistor, wherein the first and second transistors
are of different conductivity type. The method further comprises forming a semiconductor
material in the first and second cavities, wherein the semiconductor material has a first type
of strain. Moreover, lattice damage is created in the semiconductor material selectively in the
first transistor to form a substantially relaxed semiconductor material. Furthermore, the
method comprises re-crystallizing the substantially relaxed semiconductor material in a
strained state that corresponds to a second type of strain that is opposite to the first type of

strain.

One illustrative semiconductor device disclosed herein comprises a first transistor
comprising a silicon/carbon alloy in drain and source regions wherein the first transistor
comprises a channel region exhibiting a first strain component along a channel length
direction. The semiconductor device further comprises a second transistor comprising a
silicon/carbon alloy in drain and source regions thereof, wherein the second transistor
comprises a channel region exhibiting a second strain component along a channel length

direction wherein the first and second strain components are of opposite type.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure may be understood by reference to the following description taken in
conjunction with the accompanying drawings, in which like reference numerals identify like

elements, and in which:

Figures la-1k schematically illustrate cross-sectional views of a semiconductor
device including transistors of different conductivity type during various manufacturing
stages, wherein a different type of strained semiconductor materials may be provided on the
basis of a sophisticated manufacturing flow including enhanced masking regimes, possibly in
combination with the incorporation of dopant species, non-doping species and the like, for

enhancing overall transistor characteristics, according to illustrative embodiments; and

Figures 2a-2h schematically illustrate cross-sectional views of a semiconductor
device during various manufacturing stages in forming transistor elements with different
strain components by using a common semiconductor alloy, such as silicon/carbon,

according to further illustrative embodiments.
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While the subject matter disclosed herein 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,
equivalents, and alternatives falling within the spirit and scope of the invention as defined by

the appended claims.

DETAILED DESCRIPTION

Various illustrative 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 decisions must be made to achieve the developers’
specific goals, such as compliance with system-related and business-related constraints,
which will vary from one implementation to another. Moreover, it will be appreciated that
such a development 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 subject matter will now be described with reference to the attached
figures. Various structures, systems and devices are schematically depicted in the drawings
for purposes of explanation only and so as to not obscure the present disclosure 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 disclosure. 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
customary 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.
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Generally, the present disclosure relates to manufacturing techniques and related
semiconductor devices in which field effect transistors of different conductivity type may
receive a strained semiconductor material in the drain and/or source regions in order to
provide a desired magnitude and/or type of strain in the corresponding channel regions of
these transistors. For this purpose, in some illustrative embodiments, different semiconductor
alloys may be used, such as silicon/germanium and silicor/carbon, on the basis of an appro-
priate manufacturing regime in which both materials may be embedded into the drain and
source areas of the corresponding transistors by using an appropriately designed layer stack
including a spacer layer and an etch stop layer. Furthermore, overall transistor performance
for at least one type of transistor may be enhanced by incorporating any desired type of
implantation species, such as dopants, non-doping species and the like, prior to forming a
respective strained semiconductor material by epitaxial growth techniques. In this case, the
electronic characteristics of the drain and source regions may be enhanced on the basis of the
additional implantation species, which may be incorporated without creating additional
implantation-induced damage, since the implantation process may be performed prior to
growing the strained semiconductor material. Consequently, for N-channel transistors, a
reduced source/drain junction resistance may be obtained due to a specifically optimized
dopant profile. Furthermore, floating body effects in silicon-on-insulator (SOI) transistors
may be reduced due to the presence of higher leakage currents of the corresponding PN junc-
tions, which may, therefore, reduce charge carrier accumulation in the body region of the SOI
transistors. A corresponding adjustment of the PN junction characteristics may also be
accomplished by incorporating an appropriate implantation species prior to actually forming
the strained semiconductor material. Additionally, the electron mobility may be enhanced
due to the embedded silicon/carbon alloy in the drain and source areas of the N-channel
transistor. Similarly, in P-channel transistors, a reduced source and drain resistance may be
obtained due to the lower intrinsic resistivity of the silicon/germanium material, and also
leakage currents through the PN junctions may be adjusted to a moderately high value,
depending on the overall transistor characteristics, thereby also reducing charge carrier
accumulation in SOI transistors. Finally, the increased hole mobility in the channel region
caused by the embedded silicon/germanium alloy may additionally contribute to the overall
enhanced device performance. Furthermore, since both strain-inducing semiconductor
materials may be incorporated at a moderately early manufacturing stage, additional strain-
inducing mechanisms may be implemented into the overall manufacturing flow substantially

without requiring additional process steps. For example, strain-inducing spacer elements
Page 7 of 27
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and/or strain-inducing dielectric cap layers may be provided in order to further enhance strain

in at least one type of transistor.

In other illustrative embodiments disclosed herein, a highly efficient manufacturing
sequence may be used in incorporating a silicon/carbon material into transistors of different
conductivity type, wherein additional strain-inducing mechanisms may also be used, for
instance, in the P-channel transistor to overcompensate for any negative effect of the
silicon/carbon material, while at the same time taking advantage of the characteristics of
carbon with respect to acting as a diffusion hindering species, which may thus provide dopant
profiles of enhanced accuracy in the P-channel transistor. Consequently, in combination with
the enhanced electronic characteristics of the drain and source regions of the P-channel
transistor and the overcompensated strain component, a significant enhancement of the
P-channel transistor may be achieved, wherein, for SOI architectures, reduced floating body
effects may also be achieved, while the N-channel transistor may exhibit reduced
source/drain junction resistance in combination with increased electron mobility in the
channel region due to the embedded silicon/carbon alloy. Also, in this case, charge carrier
accumulation in the floating body of SOI N-channel transistors may be reduced by providing

PN junctions of increased leakage currents due to the presence of the carbon species.

Figure 1a schematically illustrates a cross-sectional view of a semiconductor device
100, which may comprise a first transistor 150P and a second transistor 150N at an early
manufacturing stage. The semiconductor device 100 may comprise a substrate 101, which
may represent any appropriate carrier material for forming thereabove a semiconductor layer
103, such as a silicon-based layer, the electronic characteristics of which may be locally
adapted by generating a specific type of strain for the first and second transistors 150P, 150N.
The semiconductor layer 103 may represent a silicon-based layer, i.e., a semiconductor
material including a significant amount of silicon, wherein other components, such as
germanium, carbon, dopant species and the like, may also be present. Furthermore, in the
embodiment shown, a buried insulating layer 102 may be positioned between the substrate
101 and the semiconductor layer 103, thereby defining an SOI architecture, wherein it should
be appreciated that, in other device areas of the device 100, a bulk configuration may be
provided, depending on the overall device requirements. [t should be noted that the
principles disclosed herein may be very advantageous with respect to an SOI architecture,

since efficient strain-inducing mechanisms may be provided in combination with additional
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measures for reducing charge carrier accumulation, which may generally improve perform-
ance of SOI transistors with respect to floating body effects and hysteresis effects, ie., a
threshold variation depending on the “switching history” of a corresponding transistor
element. In other illustrative embodiments, the principles disclosed herein may also be
advantageously applied to a bulk configuration, i.e., a configuration in which a thickness of
the semiconductor layer 103 may be greater than a depth of drain and source regions still to

be formed in the transistors 150P, 150N.

Furthermore, appropriate active regions may be defined in the semiconductor layer
103 on the basis of appropriate isolation structures, such as shallow trench isolations (not
shown), which may also be provided between the transistors 150P, 150N. Furthermore, the
transistors 150P, 150N may comprise a gate electrode structure 151 which may include, in
this manufacturing stage, an electrode material 151 A, which is formed on a gate insulation
layer 151B, which separates the electrode material 151 A from a channel region 152. The
gate electrode material 151A may represent any appropriate material, such as polysilicon and
the like, which may even be replaced by a material of enhanced conductivity in a later manu-
facturing stage, depending on the overall process and device requirements. Similarly, the
gate insulation layer 151B may be comprised of any appropriate dielectric material, such as
silicon dioxide-based materials, silicon nitride, silicon oxynitride, high-k dielectric materials,
such as hafnium oxide, zirconium oxide and the like. Furthermore, the gate electrode struc-
tures 151 may include a cap layer 151C which may be comprised of silicon nitride and the
like. Furthermore, the semiconductor device 100 may comprise a layer stack 104 that is
formed above the transistors 150P, 150N and, in the embodiment shown, may comprise a
first layer or spacer layer 104A, above which may be provided a second layer or etch stop
layer 104B. In one illustrative embodiment, the spacer layer 104A may be comprised of
silicon nitride while the etch stop layer 104B may be formed of silicon dioxide. Thus, in the
embodiment shown, the spacer layer 104A and the cap layer 151C may be comprised of
material having similar characteristics with respect to a subsequent etch process so that these
components may be removed during a common etch sequence. Furthermore, the etch stop
layer 104B may have a thickness that is sufficient to provide the desired etch stop capabilities
during an etch process for locally providing an etch and growth mask above the transistor
150N. For example, the etch stop layer 104B may be provided with a thickness of approxi-
mately 20-50 nm or even more, when provided in the form of a silicon dioxide material. On

the other hand, the spacer layer 104A may be provided with an appropriate thickness in a
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highly conformal manner in order to adjust a desired offset during an etch process for form-
ing cavities in the semiconductor layer 103 in a later manufacturing stage. For instance, a
thickness of the spacer layer 104A may range from approximately 1-20 nm in sophisticated
applications in which a gate length, i.e., the horizontal extension of the gate electrode
material 151A in Figure 1a, may be approximately 50 nm and less, such as 30 nm and less. It
should be appreciated, however, that an increased thickness may be selected if an increased

offset may be required during the further processing.

The semiconductor device 100 as shown in Figure la may be formed on the basis of
the following processes. After forming respective isolation structures (not shown) and
defining corresponding basic dopant profiles for the transistors 150P, 150N in the semicon-
ductor layer 103, the gate electrode structure 151 may be formed by well-established
techniques, which may include oxidation and/or deposition of a gate dielectric material
followed by the deposition of the gate electrode material 151 A and material of the cap layer
151C. The corresponding material stack may be patterned by sophisticated lithography and
etch techniques. Next, the stack 104 may be formed, for instance, by depositing the spacer
layer 104A, for instance using thermally activated chemical vapor deposition (CVD) tech-
niques, wherein, if required, a thin oxide layer may be formed by oxidation on exposed areas
of the gate electrode material 151A and the semiconductor layer 103. Thereafter, the etch
stop layer 104B may be formed, by instance, by CVD and the like, wherein material density
and thickness of the etch stop layer 104B may be selected such that the desired etch stop
capabilities may be obtained. Thereafter, a mask material (not shown) may be deposited, for
instance by plasma assisted CVD, thermally activated CVD and the like, which may be
subsequently patterned by photolithography and appropriate selective etch techniques.

Figure 1b schematically illustrates the semiconductor device 100 with a mask 105 that
covers the second transistor 150N while exposing the first transistor 150P, i.e., the layer stack
104 formed thereabove. The mask 105 may represent, in one illustrative embodiment, a hard
mask, for instance comprised of silicon nitride or any other appropriate material, which may
be etched selectively to the etch stop layer 104B. In other illustrative embodiments, any
other appropriate material, such as a resist material, may be selectively formed above the
second transistor 150N and may be used for patterning the layer stack 104 in the first

transistor 150P.
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Figure 1c schematically illustrates the semiconductor device 100 during an etch
sequence 106, which may comprise a first etch step for selectively removing the etch stop
layer 104B, which may be accomplished on the basis of well-established etch techniques, for
instance by using hydrofluoric acid (HF), and thereafter an anisotropic etch step may be
performed to etch the spacer layer 104A selectively to material of the semiconductor layer
103, while, in other cases, a thin oxide layer (not shown) may be provided to act as an etch
stop material during the anisotropic etch process. Hence, after the etch process 106, a
sidewall spacer 104S may be formed on sidewalls of the gate electrode structure 151, wherein
a width of the spacer 104S is substantially determined by the initial layer thickness of the
spacer layer 104A and the conditions of the etch sequence 106. In the embodiment shown, a
certain degree of material erosion may also occur in the mask 105, as indicated by the dashed
line, if the spacer layer 104A and the mask 105 are comprised of materials having a similar
etch behavior or may be comprised of substantially the same material. In other illustrative
embodiments, the mask 105 may represent a resist material, at least during the first etch step
of the sequence 106 for selectively removing the etch stop layer 104B above the first
transistor 150P. Thereafter, if required, the resist mask may be removed and the anisotropic
etch step of the sequence 106 may be performed on the basis of a selective etch recipe,
wherein the etch stop layer 104B may protect the remaining portion of the layer 104A above

the second transistor 150N.

Figure 1d schematically illustrates the semiconductor device 100 in a further
advanced manufacturing stage, in which a further etch process 107 may be performed to
obtain recesses or cavities 103P adjacent to the gate electrode structure 151 in the
semiconductor layer 103 of the first transistor 150P. The etch process 107 may be performed
on the basis of well-established etch recipes, such as isotropic recipes, anisotropic recipes or
a combination thereof, depending on the desired shape and size of the cavities 103P. For
example, a plurality of etch chemistries are available for removing silicon material selectively
with respect to silicon nitride material, oxide material and the like which may be used for
forming the cavities 103P. During the etch process 107, respective process parameters, such
as plasma power, pressure, the type and amount of polymer materials for controlling a
horizontal removal rate and the like, may be selected such that a desired shape of the cavities
103P may be obtained. For example, an offset of the cavities 103P from the channel region
152 may be substantially determined by the width of the spacer 104S. If a more or less

pronounced degree of under-etching may be desired, the process parameters and/or the etch
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chemistry may be appropriately selected, for example, from the beginning of the etch process
107 or at a certain phase of the process, depending on the desired overall size and shape of
the cavities 103P. In the embodiment shown, the mask 105 may protect the layer stack 104
formed above the second transistor 150N. In other cases, the mask 105 may have been
removed in an earlier manufacturing stage, if provided as a resist material and the like, so

that, in this case, the etch stop layer 104B may reliably protect the spacer layer 104A.

In some illustrative embodiments, after the etch process 107 and prior to or after the
removal of the mask 105, one or more implantation processes 108 may be performed to
incorporate one or more implantation species 108A through exposed surface portions of the
cavity 103P. For example, the one or more implantation processes 108 may comprise one or
more steps performed on the basis of a non-zero tilt angle, which is to be understood as a
non-zero angle with respect to a normal of the semiconductor layer 103 or the buried
insulating layer 102. Consequently, any desired implantation species may be incorporated,
wherein the positioning of the implantation species 108A may be controlled by the process
parameters of the one or more implantation processes 108, such as energy, dose, tilt angle,
type of implantation species and the like. In some illustrative embodiments, the implantation
species 108A may comprise a dopant species, for instance for counter-doping material of the
layer 103 with respect to drain and source areas to be formed in a later manufacturing stage
on the basis of a strained semiconductor material to be filled into the cavities 103P. More-
over, in other illustrative embodiments, the implantation species 108A may comprise a
dopant for defining at least a portion of drain and source regions, such as an extension region
to avoid additional implantation steps in a later manufacturing stage after providing a strained
semiconductor material in the cavities 103P. In other illustrative embodiments, respective
drain and source extension regions may have been formed in an early manufacturing stage,
for instance prior to or after the deposition of the spacer layer 104A, depending on the initial
layer thickness thereof. In still other illustrative embodiments, the implantation species 108A
may comprise corresponding components, such as nitrogen, carbon and the like, which may
result in a reduced diffusion activity of a corresponding dopant species, such as boron, which
may be provided in a later manufacturing stage. In this manner, the finally obtained PN
junctions of the drain and source regions may be defined with enhanced accuracy on the basis
of one or more components of the implantation species 108A. Moreover, the degree of
leakage currents through the PN junctions still to be formed may also be adjusted on the basis

of the implantation species 108A, thereby enabling a highly efficient stabilization of
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threshold voltage of the transistor 150P with respect to floating body effects. During the
implantation process 108, undue incorporation of the implantation species 108A into the gate
electrode material 151A may be suppressed or at least reduced by the spacers 104S and the
cap layer 151C. In other embodiments, in which the mask 105 may have been removed at an
earlier manufacturing stage, the corresponding shadowing effect during a tilted implantation

step of the process 108 may be reduced.

Figure le schematically illustrates the semiconductor device 100 during a selective
epitaxial growth process 109, which may be performed on the basis of well-established
process recipes in order to deposit a semiconductor alloy selectively on exposed surfaces of
the cavities 103P (Figure 1d) while substantially avoiding significant material deposition on
dielectric surface areas. For example, during the growth process 109, silicon/germanium
may be deposited with a desired fraction of germanium so that, upon growing on the silicon
layer 103, a strained state may be obtained, the magnitude of which may be determined on
the fraction of germanium. For example, approximately 15-35 atomic percent germanium
may be incorporated into the silicon/germanium alloy in order to form a strained
semiconductor material 153P. It should be appreciated that, in other illustrative
embodiments, in addition or alternatively to germanium, other atomic species having a
greater covalent radius compared to silicon may be used, such as tin, which may also be
incorporated into the material 153P. In this case, a significantly reduced fraction of non-
silicon material may be incorporated, while nevertheless providing a desired difference of the
natural lattice constant of the material 153P with respect to the surrounding template material
of the layer 103. In some illustrative embodiments, during the growth process 109, a dopant
species may also be incorporated into the material 153P, such as boron, so that further
implantation processes may be avoided or may at least be reduced with respect to the
implantation dose, thereby also maintaining implantation-induced damage of the material
153P at a low level. Thereafter, the further processing may be continued by removing the
mask 105, which may be accomplished by well-established selective etch recipes, for
instance using hot phosphoric acid, thereby efficiently removing the mask 105 when
comprised of silicon nitride, selectively to the etch stop layer 104B, while also removing the

spacers 104S and the cap layer 151C in the transistor 150P,

Figure 1f schematically illustrates the semiconductor device 100 after the above-

described process sequence. Moreover, the device 100 is exposed to an etch ambient 110
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designed to selectively remove the exposed etch stop layer 104B, while maintaining the
spacer layer 104A. For this purpose, well-established selective etch recipes, for instance on
the basis of hydrofluoric acid (HF), may be used. Thereafter, a further etch process may be
performed in order to anisotropically etch the exposed spacer layer 104A, as is also explained

with reference to the etch process 106 (Figure 1c¢).

Figure 1g schematically illustrates the semiconductor device 100 after the above-
described process sequence and with a further mask 111 that covers the first transistor 150P,
while the second transistor 150N has the gate electrode structure 151 that now comprises
spacer elements 104R due to the previously performed anisotropic etch process. The mask
111 may be comprised of silicon nitride or any other material that is compatible with the

further processing.

Figure 1h schematically illustrates the semiconductor device 100 during an etch
process 112, which may be performed on the basis of similar process parameters as the etch
process 107 (Figure 1d). That is, process parameters and etch chemistries of the etch process
112 may be selected in accordance with a desired size and shape of cavities 103N created
adjacent to the gate electrode structure 151, wherein the spacers 104R protect the sidewalls
thereof and also define an offset of the cavities 103N with respect to the channel region 152,
similarly as is discussed above when referring to the first transistor 150P. Consequently, the
size and shape of the cavities 103N may be adjusted independently from a size and shape of
the corresponding cavities 103P (Figure 1d). Furthermore, in some illustrative embodiments,
an implantation process or sequence 113 may be performed to incorporate one or more
implantation species 113A through exposed surface portions of the cavities 103N. Also, in
this case, the implantation process 113 may include one or more implantation steps with a
non-zero tilt angle so as to appropriately position the one or more implantation species 113A.
For instance, a counter-doped region may be formed, a dopant species may be incorporated
or any other implantation species, such as non-doping species in the form of carbon, nitrogen
and the like, may be incorporated to adjust the overall electronic characteristics, for instance
in view of leakage currents and the like, as is also previously discussed with reference to the
transistor 150P, wherein it should be appreciated that, due to the different conductivity type
of the transistors 150N and 150P, the implantation process 113 may differ from the corre-
sponding process 108 (Figure 1d) with respect to implantation parameters and implantation

species.
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Figure 1i schematically illustrates the semiconductor device 100 during a further
selective epitaxial growth process 114 designed to deposit a strained semiconductor material
153N. In a further illustrative embodiment, the semiconductor material 153N may comprise
a silicon/carbon alloy, which has a natural constant that is less than the lattice constant of
silicon, thereby growing in a tensile strained state which may thus result in a tensile strain in
the adjacent channel region 152. For example, an appropriate fraction of carbon material
may be incorporated into the silicon material of the deposition ambient 114, for instance one
to several atomic percent, depending on the desired degree of tensile stress and other
electronic characteristics of drain and source regions to be formed in the second transistor
150N. Furthermore, as previously indicated, an appropriate dopant species, that is, an N-type
species, may be incorporated into the material 153N during the growth process 114 so as to
avoid further implantation processes or reduce at least the degree of ion bombardment during
subsequent implantation processes for defining the finally desired dopant profile for the
second transistor 150N. After the selective epitaxial growth process 114, an etch process, for
instance on the basis of hot phosphoric acid and the like, may be performed in order to

remove the mask 111 and the spacers 104R and the cap layer 151C.

Figure 1j schematically illustrates the semiconductor device 100 after the above-
described process scqueﬁce. Hence, the gate electrode structures 151 of both transistors
150P, 150N may be exposed prior to the further processing of the device 100, while, in other
embodiments, as indicated by the dashed line, a protection layer 115, such as a silicon
dioxide layer and the like, may be provided prior to performing additional manufacturing

processes for completing the transistors 150P, 150N.

Figure 1k schematically illustrates the semiconductor device 100 in a further
advanced manufacturing stage. As illustrated, drain and source regions 154 may be formed
adjacent to the channel region 152, wherein the drain and source regions 154 may comprise
at least a portion of the strained semiconductor materials 153P, 153N, respectively. That is,
depending on the device requirements, the strained materials 153N, 153P may be positioned
entirely within the drain and source regions 154, as shown, which may be accomplished by
incorporating a high concentration of the corresponding dopant species and performing an
anneal process for initiating a diffusion of the dopant species. In other cases, a portion of the

PN junctions 154P may extend through the strained semiconductor material, at least in one of
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the transistors 150P, 150N. It should be appreciated that, as previously discussed with refer-
ence to the implantation processes 108 (Figure 1d) and 113 (Figure 1h), the additi>onal
implant species 108A and/or 110A may be present so as to adjust the overall transistor
characteristics, for instance in view of leakage of the PN junctions 154P, the dopant gradient,
for instance by reducing the overall diffusivity of dopant species, such as boron, which may
thus result in an enhanced confinement of the dopant species and thus of the drain and source

regions 154 for the transistor 150P, which may represent a P-channel transistor.

Furthermore, the semiconductor device 100 may comprise a spacer structure 156
formed adjacent to the gate electrode material 151 A, wherein the spacer structure 156 may
comprise a plurality of individual spacer elements 156A, 156B, depending on the overall
process and device requirements. For instance, the drain and source regions 154, at least for
one of the transistors 150P, 150N, may be adjusted on the basis of additional implantation
processes, during which the corresponding spacer elements 156A, 156B may act as implanta-
tion masks. In other illustrative embodiments, additional implantation processes may be
substantially avoided after forming the strained semiconductor materials 153P, 153N,
respectively, thereby also maintaining lattice damage in these materials at a low level. In this
case, the spacer structure 156 may be provided to act as a mask for forming metal silicide
regions 155 in a self-aligned manner. In some illustrative embodiments, the spacer structure
156 may comprise a high intrinsic stress level, which may be appropriate for enhancing
performance of one of the transistors 150P, 150N. For example, the spacer structure 156 may
have a high tensile stress level, thereby providing additional strain in the channel region 152
of the transistor 1SON. On the other hand, a negative influence of the internal stress level in
the transistor 150P may be overcompensated for by additional stress-inducing mechanisms,
such as strain-inducing dielectric layers 116 and 117, which may be provided with high
internal tensile stress and compressive stress, respectively. For instance, silicon nitride may
be deposited with high internal stress levels, depending on the corresponding process
parameters of a plasma enhanced CVD technique. For example, stress levels up to 1 GPa and
higher for a tensile silicon nitride material may be obtained, while stress levels of up to 2 GPa
and higher may be accomplished for a compressively stressed silicon nitride material.
Consequently, by providing a high internal compressive stress level in the layer 117, any
tensile internal stress of the spacer structure 156 in the transistor 150P may be compensated

for. In other illustrative embodiments, a compressive stress level may be established in the
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spacer structures 156, when a further pronounced performance gain may be desired in the

transistor 150P.

The semiconductor device 100 as shown in Figure 1k may be formed on the basis of
the following processes. The drain and source regions 154 may be formed, for instance, by
ion implantation for forming shallow drain and source extension regions (not shown),
wherein implantation-induced damage of the materials 153P, 153N may be less pronounced.
In other cases, as previously discussed, corresponding extension regions may have been
formed prior to growing the materials 153P, 153N, respectively. If required, further
implantation processes may be performed to incorporate additional dopant species and/or the
corresponding dopant species may have been incorporated during the growth processes for
the materials 153P, 153N. Furthermore, appropriate anneal processes may be performed in
order to establish the desired dopant profile for the drain and source regions 154, wherein
also the corresponding implantation species 113A (Figure 1h), 108A (Figure 1d) may enable
a more precise control of the finally obtained electronic characteristics. Thereafter, the metal
silicide regions 155 may be formed in accordance with well-established techniques, wherein
the spacer structure 156 may be used as a silicidation mask. Subsequently, the layers 116 and
117 may be deposited, wherein one or both of the layers may have a high intrinsic stress
level, as explained above, which may be accomplished on the basis of respective patterning
regimes in which one of the layers 116, 117 may be deposited and may subsequently be
removed from above one of the transistors 150P, 150N, followed by the deposition of the
other one of the layers 116, 117 and the removal thereof from the other one of the transistors

150P, 150N.

As a consequence, the strained semiconductor materials 153P, 153N may be formed
on the basis of selective epitaxial growth techniques, wherein appropriate mask and etch stop
layers, such as the layers 104A, 104B (Figure 1a) may be used, possibly in combination with
the incorporation of appropriate implantation species, such as species 113A (Figure 1h),
108A (Figure 1d), and may provide enhanced electronic characteristics and strain conditions,

as is also previously explained.

With reference to Figures 2a-2h, embodiments will be described in which a strained

semiconductor material of reduced natural lattice constant compared to silicon may be
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provided in transistors of different conductivity type to obtain performance enhancement of

both types of transistors.

Figure 2a schematically illustrates a semiconductor device 200 comprising a substrate
201, a buried insulating layer 202 and a semiconductor layer 203. Furthermore, gate
electrode structures 251 of a first transistor 250P and a second transistor 250N of different
conductivity type are formed above the semiconductor layer 203. The gate electrode struc-
tures 251 may comprise a gate electrode material 251A, a gate insulation layer 251B and a
cap layer 251C. With respect to the components described so far, the same criteria apply as
previously explained with reference to the semiconductor device 100. Furthermore, a spacer
layer 204 is formed on the gate electrode structures 251, wherein the spacer layer 204 may
have an appropriate thickness for adjusting an offset of cavities to be formed in the layer 203
in a later manufacturing stage. The semiconductor device 200 as shown in Figure 2a may be
formed on the basis of the same process techniques as previously described with reference to

the device 100.

Figure 2b schematically illustrates the semiconductor device 200 with spacer
elements 204S formed on sidewalls of the gate electrode structures 251, which may be
accomplished on the basis of well-established etch techniques, as previously explained,
wherein, if required, a thin etch stop liner (not shown), for instance in the form of silicon
dioxide, may be provided, for instance, by oxidation of exposed surface portions of the gate

electrode material 251A and the semiconductor layer 203.

Figure 2c schematically illustrétes the semiconductor device 200 in a further
advanced manufacturing stage. As illustrated, the device 200 is exposed to an etch ambient
of an etch process 207 for forming cavities 203P and 203N in the transistors 250P, 250N,
respectively. The etch process 207 may be performed on the basis of well-established etch
chemistries exhibiting a moderately high selectively with respect to the material of the
spacers 204S and the cap layer 251C so as to not unduly remove material of the gate
electrode materials 251A. Since the etch process 207 may be performed simultaneously for
the transistors 250P, 250N, generally the overall process uniformity may be enhanced due to
the absence of etch masks. Consequently, the across-substrate uniformity, for instance with
respect to a depth of the corresponding cavities 203P, 203N may be enhanced. Moreover,

any additional lithography steps for individually providing the cavities 203P, 203N may be
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avoided. In some illustrative embodiments, starting from the device 200 as shown in Figure
2a, the etch sequence for defining the spacers 204S and forming the cavities 203P, 203N may
be performed as an in situ process, i.e., within the same process chamber, while appropriately
adapting the etch chemistry during the various phases of the common etch process. After the
etch process 207, the device 200 may be prepared for the deposition of a strain-inducing

semiconductor material, which may include respective cleaning processes and the like.

Figure 2d schematically illustrates the semiconductor device 200 during a selective
epitaxial growth process 209, which may be designed to deposit a semiconductor alloy 253,
for instance in the form of a silicon/carbon alloy, which may be grown on the silicon-based
template material of the layer 203 with a tensile strain level. With respect to corresponding
process parameters of the process 209, similar criteria apply as previously explained with
reference to the semiconductor device 100. It should be appreciated that, also during the
selective epitaxial growth process 209, enhanced overall process uniformity may be achieved,
due to the absence of extended mask regions, in which a deposition of the material 253 may
not be desired. Furthermore, the material 253 may be deposited in a substantially non-doped
state since the corresponding drain and source regions may require a different type of dopant
species for the transistors 250P, 250N, respectively. Thus, a tensile strain component may be
induced in channel regions 252 of transistors 250P, 250N, wherein the tensile strain
component 252T may be directed along the channel length direction, that is, in Figure 2d, the

horizontal direction.

Figure 2e schematically illustrates the semiconductor device 200 in a further
advanced manufacturing stage. As shown, the device 200 may be exposed to an ion
bombardment 208, wherein the second transistor 250N may be masked by an appropriate
mask 210, such as a resist mask, while the transistor 250P is exposed. In some illustrative
embodiments, as shown, the spacers 204S and the cap layers 251C may have been removed
prior to forming the mask 210, while, in other cases, the gate electrode structures 251 may
still be encapsulated by the spacers 204S and the cap layers 251C (not shown). Maintaining
the cap layer 251C during the ion bombardment 208 may reduce the penetration of the corre-
sponding species into the gate electrode material 251A, if deemed inappropriate. In the
embodiment shown, the ion bombardment 208 may be performed with the spacers 204S
removed, wherein, if desired, offset spacers of reduced width (not shown) may be provided

on sidewalls of the gate electrode materials 251 A. Consequently, during the ion bombard-
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ment 208, the crystalline structure of portions of the semiconductor layer 203 and of the
previously grown semiconductor alloy 253 may be heavily damaged or substantially
amorphized. For this purpose, any appropriate implantation species may be used, such as
xenon, germanium, silicon, krypton and the like. It should be appreciated that appropriate
implantation parameters for the bombardment 208 may readily be determined on the basis of
well-established simulation programs, experiments and the like. Consequently, the material
253 may be relaxed, thereby forming a substantially relaxed semiconductor alloy 253P. In
addition, the semiconductor material adjacent to the gate electrode material 251A may also
be heavily damaged or amorphized, depending on a width of a corresponding offset spacer, if

provided.

Figure 2f schematically illustrates the semiconductor device 200 in a further advanced
manufacturing stage. As illustrated, a stress-inducing material layer 218, for instance
comprised of silicon nitride, nitrogen-containing silicon carbide and the like, may be formed
above the first and second transistors 250P, 250N, which may have a high intrinsic compres-
sive stress level of one or more GPa or even higher. For example, as previously explained
with reference to the layers 116, 117 (Figure 1k), silicon nitride material may be formed so as
to have a high compressive stress level by selecting appropriate deposition parameters. Thus,
the layer 218 may induce a moderately high compressive stress level in the previously
relaxed material 253P and thus in the channel region 252 of the transistor 250P. Similarly,
temporarily, the strain component in the channel region 252 of the transistor 250N may be
compensated or even over-compensated by the stress-inducing layer 218. Furthermore, the
device 200 is subjected to an anneal process 219 designed to re-crystallize the heavy lattice
damage created in the material 253P and adjacent to the channel region 252 of the first
transistor 250P. For example, any appropriate anneal technique, such as rapid thermal
anneal, laser-based or flashlight-based anneal techniques, may be used in which an efficient
re-crystallization may occur. Due to the presence of the highly stressed layer 218, the
material 253P and any material of the layer 203 adjacent thereto may re-grow in a highly
compressively stressed state, thereby preserving the compressive strain component in the
channel region 252 of the first transistor 250P. It should be appreciated that, due to the
strained state of the re-crystallized material 253P, the corresponding compressive strain
component 252C may be maintained in the channel region 252, even after removal of the

layer 218. Techniques in which a substantially amorphized semiconductor material may be
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re-grown in the presence of a stressed cap layer may frequently be referred to as stress

memorization techniques.

Figure 2g schematically illustrates the semiconductor device 200 after the removal of
the stress-inducing cap layer 218. It should be appreciated that an appropriate etch stop
material may be provided along with the stress-inducing layer 218, if desired, in order to
enhance the removal process. In other cases, the layer 218 may be removed on the basis of
highly selective etch recipes, in which, for instance, silicon nitride material may be removed
selectively with respect to silicon-based material. Consequently, in the transistor 250N, the
tensile strain component 252T may be re-established due to the removal of the “external”
strain-inducing source in the form of the layer 218, while the compressive strain component
252C in the transistor 250P may still be present due to the previously strained
re-crystallization of the material 253P and material adjacent thereto, which may have also
been amorphized during the process 208 (Figure 2e). On the basis of the device configura-
tion as shown in Figure 2g, the further processing may be continued, for instance, by using

well-established process techniques.

Figure 2h schematically illustrates the semiconductor device 200 in a further
advanced manufacturing stage in which drain and source regions 254 may be formed within
the semiconductor layer 203, wherein at least a portion of the drain and source regions 254
may comprise the strain-inducing material 253 in the transistor 250N and the strain-inducing
material 253P in the transistor 250P. Furthermore, a corresponding sidewall spacer structure
256 may be provided on sidewalls of the gate electrode structures 251, wherein, as is also
previously explained with reference to the device 100, the spacer structure 256 may comprise
any appropriate number of individual spacer elements in order to appropriately define the
lateral and vertical dopant profile of the drain and source regions 254. Furthermore, metal
silicide regions 255 may be formed in the drain and source regions and the gate electrode

materials 251A.

The semiconductor device 200 as shown in Figure 2h may be formed on the basis of
well-established process techniques, wherein the drain and source regions 254 may be created
on the basis of the spacer structure 256 by means of ion implantation. In the transistor 250P,
typically boron may act as a dopant species, wherein, however, due to the presence of an

additional species, such as carbon, in the material 253P, enhanced doping profiles may be
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obtained due to the diffusion hindering effect of the carbon species with respect to the boron
species. That is, the PN junction at the transistor 250P, as indicated by 254P, may be defined
in accordance with the corresponding implantation steps such that a significant length thereof
may be within the semiconductor alloy 253P. Thus, upon annealing the device 200, the
diffusion hindering effect of the carbon species may provide increased “confinement’” of the
boron species at least within the material 253P. Consequently, in addition to the compressive
strain component 252C, the enhanced dopant gradient at the PN junction 254P, at least within
the region 253P, may contribute to reduced junction resistance, which may also result in
enhanced transistor performance. Furthermore, the presence of the carbon species in the
transistors 250P, 250N may result in an increased leakage current of the respective PN junc-
tions, which may thus provide an efficient mechanism for removing accumulated charges
between the drain and source regions 254 during operation of the transistors 250P, 250N, as
previously explained. Furthermore, as also previously explained with reference to the device
100, additional strain-inducing mechanisms may be implemented, for instance by providing
highly stressed spacer elements in the spacer structure 256 and/or positioning stress-inducing
layers, such as the layers 116, 117 (Figure 1k) above the transistors 250P, 250N so as to

further enhance the overall strain components in these transistors.

As a result, the present disclosure provides semiconductor devices and methods of
forming the same in which strained semiconductor materials, such as silicon/germanium and
the like on the one hand and silicon/carbon on the other hand, may be incorporated in the
drain and source regions on the basis of a highly efficient manufacturing flow, possibly in
combination with additional implant species for further enhancing the overall transistor
characteristics so that dopant profiles in combination with increased strain levels may be
accomplished. In other cases, a semiconductor material having a natural lattice constant less
than a silicon-based material may be used in transistors of different conductivity types,
wherein a negative influence of the corresponding initially provided strain component may be
overcompensated for by applying a stress memorization technique. Consequently, enhanced
overall process uniformity may be achieved due to enhanced conditions during etching the
respective cavities and depositing the semiconductor alloy, while at the same time dopant
profile characteristics as well as leakage current behavior may be enhanced in both the
P-channel transistor and the N-channel transistor, thereby also contributing to enhanced

overall device characteristics.
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The particular embodiments disclosed above are illustrative only, as the invention

may be moditfied 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

5 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 modi-

fied 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.
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CLAIMS
WHAT IS CLAIMED:
1. A method of forming a strained semiconductor material in a first transistor

(150P) of a first conductivity type and a second transistor (150N) of a second conductivity
type, the method comprising:
forming a stack of layers above a first gate electrode structure of said first transistor
(150P) and a second gate electrode structure of said second transistor (150N),
said first and second gate electrode structures comprising a respective cap
layer (15K), said stack of layers comprising a spacer layer (104A) and an etch
stop layer (104B) formed above said spacer layer (104A);
forming a mask above (105) said second transistor (150N) and above said etch stop
layer (104B);
forming a first spacer element (104S) at said first gate electrode structure from said
spacer layer (104A); forming first cavities (103P) in drain and source areas of
said first transistor (150P) using said first spacer element (104S) as a mask;
forming a first strained semiconductor material (153P) in said first cavities (103P);
forming second cavities (103N) in drain and source areas of said second transistor
(150N) using a second spacer element (104R) formed from said spacer layer
(104A) as a mask; and
forming a second strained semiconductor material (153N) in said second cavities,
(103N) said first and second strained semiconductor materials (153P, 153N)

having a different material composition.

2. The method of claim 1, further comprising introducing one or more first

implantation species into exposed surface portions of said first cavities (103P).

3. The method of claim 2, wherein said one or more first implantation species
comprises a non-doping species for modifying a diffusion behavior of a dopant species of

drain and source regions of said first transistor (150P).

4. The method of claim 2, wherein said one or more first implantation species
comprises a dopant species for forming drain and source regions of said first transistor

(150P).
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5. The method of claim 1, further comprising introducing one or more second

implantation species into exposed surface portions of said second cavities (103N).

6. The method of claim 5, wherein said one or more second implantation species

comprises a non-doping species.

7. The method of claim 5, wherein said one or more second implantation species
comprises a dopant species for forming drain and source regions of said second transistor
(150N).

8. The method of claim 1, further comprising forming one or more stress-
inducing spacer elements on sidewalls of said first and second gate electrode structures after

forming said first and second strained semiconductor materials (153P,153N).

9. The method of claim 1, further comprising forming a first strain inducing
layer above said first transistor (150P) and forming a second strain inducing layer above said
second transistor, (150N) wherein said first and second strain inducing layers induce a

different type of strain in channel regions of said first and second transistors.

10. The method of claim 1, wherein said first strained semiconductor material
(153P) comprises a silicon/germanium alloy and said second strained semiconductor material

(153N) comprises a silicon/carbon alloy.

11. A method, comprising:

forming first cavities (203P) adjacent to a first gate electrode structure of a first
transistor (250P) and second cavities (203N) adjacent to a second gate
electrode structure of a second transistor (250N) , said first and second
transistors being of different conductivity type;

forming a semiconductor material (253) in said first and second cavities (203P,
203N), said semiconductor material (253) having a first type of strain;

creating lattice damage in said semiconductor material (253) selectively in said first

transistor (250P) to form a substantially relaxed semiconductor material; and
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re-crystallizing said substantially relaxed semiconductor material in a strained state,
said strained state corresponding to a second type of strain that is opposite to

said first type of strain.

12.  The method of claim 11, wherein re-crystallizing said substantially relaxed
semiconductor material comprises forming a strain-inducing material layer (218) above said
first transistor (250P) and annealing said substantially relaxed semiconductor material in the

presence of said strain-inducing material layer.

13.  The method of claim 12, wherein said semiconductor material comprises a

silicon/carbon alloy.

14. The method of claim 11, wherein said first and second cavities are formed in a

common etch process.

15.  The method of claim 11, further comprising forming a first strain-inducing
layer above metal silicide regions of said first transistor (250P) and forming a second strain-
inducing layer on metal silicide regions of said second transistor, (250N) wherein said first

and second strain-inducing layers generate a different type of strain.

Page 26 of 27
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SEMICONDUCTOR DEVICE HAVING DOPED EPITAXTAL REGION AND ITS
METHODS OF FABRICATION

BACKGROUND

1. FIELD

The present invention relates to the field of semiconductor processing and more
particularly to a scmiconductor device having doped cpitaxial regions and its methods of
fabrication.
2. DISCUSSION OF RELATED ART

Increasing the performance of semiconductor devices, in particular transistors, has

always been a major consideration in the semiconductor industry. For example, during the
design and fabrication of metal oxide semiconductor field effect transistors (MOSFETS), it
has always been a common goal to increase the electron mobility of the channel region
and to reduce the parasitic resistance to improve device performance.

Other methods of improving device performance include, for example, reducing
the overall resistance of the MOSFET by doping the region between the source/drain
regions and the channel region, which is referred to as the “tip’ or source/drain extension
regions of the MOSFET. For example, a dopant is implanted in the source/drain regions
and an annealing step diffuses the dopant towards the channel region. Howevet, there are
limits to controlling the dopant concentration and location. Furthermore, the implant and
diffusion method does not address the issues of lateral undercut or parasitic resistance at
the tip regions.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a cross-sectional view that illustrates a semiconductor device in
accordance with one embodiment of the present invention.

Figurc 2 is a cross-scctional vicw that illustratcs a scmiconductor device in
accordance with another embodiment of the present invention.

Figure 3 is a cross-sectional view that illustrates a semiconductor device in
accordance with another embodiment of the present invention.

Figure 4 is a perspective view that illustrates a semiconductor device in accordance
with another embodiment of the present invention.

Figures SA — SF are cross-sectional views that illustrate the method of fabricating
-1-
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the semiconductor device shown in Figure 1.

Figures 6A — 6F are cross-sectional views that illustrate the method of fabricating
the semiconductor device shown in Figure 2.

Figures 7A — 7C are cross-sectional views that illustrate the method of fabricating

5  the semiconductor device shown in Figure 3.

Figures 8A — 81 are perspective views that illustrate the method of fabricating the
semiconductor device shown in Figure 4.

Figures 9 — 15 are cross-sectional views of the semiconductor device shown in
Figures 8E — 81.

10 Figure 8E’ is a perspective view that illustrates an alternative embodiment of the

semiconductor device shown in Figure 8E.

Figure 9’ is a perspective view that illustrates an alternative embodiment of the

semiconductor device shown in Figure 9.
15 DETAILED DESCRIPTION

A semiconductor device having doped epitaxial regions and its method of
fabrication are described. In the following description, numerous specific details are set
forth in order to provide a thorough understanding of the present invention. In other

20  instances, well known semiconductor processing techniques and features have not been
described in particular detail in order not to unnccessarily obscure the present invention.

Embodiments of the present invention describe a method of forming epitaxial
regions on a semiconductor device. In one embodiment, the epitaxial region is an in-situ
carbon and phosphorus doped silicon (Siy(C,P),.y) region deposited via cyclical

25  deposition-etch process. Cavities created underneath the spacer during the cyclical
deposition-etch process are backfilled by a very highly phosphorus doped silicon (SiyP1.y)
cpitaxial cap laycr. The fabrication of the cpitaxial region and cap laycr stack in a Sclf-
aligned Epi Tip (SET) architecture provides a dramatic transistor performance gain due to
combined effects of increased electron mobility gain at channel region, reduced short

30  channcl cffects (duc to carbon suppressing phosphorus diffusion), and reduced parasitic
resistance provided by very high phosphorus doping in the (SiyP1.y) epitaxial cap layer.

Figure 1 illustrates a cross-sectional view of a semiconductor device in accordance
with one embodiment of the present invention. The semiconductor device comprises a

substrate 200 made of a semiconductor material such as, but not limited to,
-2-
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monocrystalline silicon. In one embodiment, the substrate 200 is the silicon film of a
silicon on insulator (SOI) substrate, or a multi-layered substrate comprising silicon, silicon
germanium, germanium, IT1I-V compound semiconductors.

A gate dielectric 310 is formed over a channel region of the substrate 200. In one
embodiment, the dielectric layer 310 is made from any well known insulative material,
such as but not limited to silicon oxide (e.g., Si0,). In another embodiment, the
dielectric layer 310 is made of a high-k dielectric material having a substantially higher
dielectric constant than silicon dioxide (i.e. k > 3.9). Examples of high-k dielectric
materials include but are not limited to tantalum oxide (Ta,0s), titanium oxide (T10O;) and
hafnium oxide (HfO,).

A gate electrode 320 is formed over the gate dielectric 310. In one embodiment,
the gate electrode 320 is made of any well known materials, such as but not limited to
polysilicon. In other embodiments, the gate electrode 320 is made of a metal or metal
alloy material such as, but not limited to, platinum, tungsten or titanium.

In one embodiment, a hard mask 410 is formed on top of the gate electrode 320. In
one embodiment, hard mask 410 is made of a material such as but not limited to silicon
nitride or silicon oxynitride. Spacers 420, 440 are formed on opposite sidewalls of the
gate electrode 320. In one embodiment, spacers 420, 440 are formed along the entire
sidewall width of the gate electrode 320. Spacers 420, 440 comprise sidewalls 421, 441,
and bottom surfaces 422, 442. In one embodiment, the spacers 420, 440 are made of a
matcrial such as but not limited to a silicon nitride, silicon dioxidc or silicon oxynitridc.

In an embodiment of the present invention, a recessed source interface 220 and a
recessed drain interface 230 are formed on the substrate 200 at opposite sides of the gate
electrode 320. In one embodiment, a portion of the recessed source interface 220 extends
laterally beneath the bottom surface 422 of the spacer 420 and beneath a portion of the
gate electrode 320. Similarly, a portion of the recessed drain interface 230 extends
latcrally bencath the bottom surface 442 of the spaccr 440 and bencath a portion of the
gate electrode 320.

A source region 501 is formed over the recessed source interface 220. In an
cmbodiment of the present invention, the source region 501 compriscs an cpitaxial region
531 formed over the recessed source interface 220. A cap layer 541 is formed over the
epitaxial region 531. The source region 501 comprises a source epi-tip region 503 that
includes portions of the epitaxial region 531 and cap layer 541 formed directly beneath the

spacer 420 and gate dielectric 310.
-3-
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A drain region 502 is formed over the recessed drain interface 230. In one
embodiment, the drain region 502 comprises an epitaxial region 532 formed over the
recessed drain interface 230. A cap layer 542 is formed over the epitaxial region 532.

The drain region 502 comprises a drain epi-tip region 504 that includes portions of the
epitaxial region 532 and cap layer 542 formed directly beneath the spacer 440 and gate
dielectric 310. By forming the source and drain epi-tip regions 503, 504 in relatively close
proximity to the channel region, a larger hydrostatic stress is induced on the channel
region, resulting in higher electron mobility and increasing drive current.

In an embodiment of the present invention, the epitaxial regions 531, 532 comprise
silicon and carbon doped with phosphorus. In this case, the semiconductor device shown
in Figure 1 is a NMOS planar or trigate transistor with a Self-aligned Epi Tip (SET)
architecture. In one embodiment, the epitaxial regions 531, 532 comprise silicon having a
carbon concentration of about 0.5 atomic % to 4 atomic % and a phosphorus concentration
of about 9E19 cm™ to 3E21 cm™. Tn a specific embodiment, the epitaxial regions 531, 532
comprise silicon having a carbon concentration of 2.2 atomic % and a phosphorus
concentration of 2E20 cm™. The substitutional carbon (over 2 atomic %) in the epitaxial
regions 531, 532 of the source and drain regions 501, 502 impart hydrostatic stress on the
channel region, which enhances electron mobility. Furthermore, the substitutional carbon
suppresses any phosphorus diffusion during any subsequent thermal anneals, thus
reducing short channel effects.

In an cmbodiment of the present invention, the cap laycrs 541, 542 arc cpitaxial
layers comprising silicon doped with phosphorus. In one embodiment, the cap layers 541,
542 comprise silicon having a phosphorus concentration of about 8819 cm™ to 3E21 cm”™.
In a specific embodiment, the cap layers 541, 542 comprise silicon having a phosphorus
concentration of 2E21 cm™. The high phosphorus concentration level in the cap layers
541, 542 reduces parasitic resistance, particularly in contact resistance between salicide
and sourcc/drain regions 501, 502.

Figure 2 illustrates a cross-sectional view of a semiconductor device similar to
Figure 1. The substrate 200 is made of {001} silicon, and comprises a recessed source
intcrface 240 having a {111} facct 241 in the {111} crystallographic planc of thc {001}
silicon substrate 200, and a recessed drain interface 250 having a {111} facet 251 in the
{111} crystallographic plane of the {001} silicon substrate 200. The {111} facets 241,
251 provide reduced volume in depletion and corresponding improved control of short

channel effects. In one embodiment, the recessed source and drain interfaces 240, 250
A-
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each further comprises a {010} facet 242, 252 in the {010} crystallographic plane of the
{001} silicon substrate 200, where the {010} facets 242, 252 extend directly beneath the
gate electrode 320. The {010} facets 242, 252 contribute to more precisely defining the
metallurgical channel length of the semiconductor device and reduce short channe] effects.

Similar to Figure 1, the semiconductor device shown in Figure 2 comprises a
source region 501 and a drain region 502, each having an epitaxial region 531, 532 and a
cap layer 541, 542. Epitaxial regions 531, 532 and cap layers 541, 542 are formed over
the recessed source and drain interfaces 240, 250 including their {111} facets 241, 251
and {010} facets 242, 252. The source region 501 comprises a source epi-tip region 505
that includes portions of the epitaxial region 531 and cap layer 541 surrounded by the
spacer 420, the gate dielectric 310 and the {111}, {010} facets 241, 242. The drain region
502 comprises a drain epi-tip region 506 that includes portions of the epitaxial region 532
and cap layer 541 surrounded by the spacer 440, the gate dielectric 310 and the {111},
{010} facets 251, 252. Forming the source and drain epi-tip regions 505, 506 in relatively
close proximity to the channel region induces a larger hydrostatic stress on the channel
region, thus increasing electron mobility which results in higher drive current.

Figure 3 illustrates a cross-sectional view of a semiconductor device similar to
Figure 2. In one embodiment, the source and drain regions 501, 502 each comprises an
epitaxial layer 610, 620 formed over the recessed source and drain interfaces 240, 250
including their {111} facets 241, 251 and {010} facets 242, 252.

The sourcc region 501 compriscs a source cpi-tip region 611 that includes portions
of the epitaxial layer 610 surrounded by the spacer 420, the gate dielectric 310 and the
{111}, {010} facets 241, 242. The drain region comprises a drain epi-tip region 621 that
includes portions of the epitaxial layer 610 surrounded by the spacer 440, the gate
dielectric 310 and the {111}, {010} facets 251, 252. Forming the source and drain epi-tip
regions 611, 621 in relatively close proximity to the channel region induces a larger
hydrostatic strcss on the channcl region, thus incrcasing clectron mobility which results in
higher drive current.

In an embodiment of the present invention, the epitaxial layer 610, 620 comprises
silicon doped with phosphorus. In onc cmbodiment, the cpitaxial layers 610, 620
comprise silicon having a phosphorus concentration of about 8E19 em™ to 3E21 cm™. In
a specific embodiment, the epitaxial layers 610, 620 comprise silicon having a phosphorus
concentration of 2E21 cm™. The high phosphorus concentration level in the epitaxial

layers 610, 620 reduces parasitic resistance, particularly in contact resistance between
-5-
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salicide and source/drain regions 501, 502.

Figures 1, 2 and 3 illustrate the application of epitaxial regions in planar transistors
to enhance electron mobility at the channel region or to reduce contact resistance at the
source/drain regions. It can be appreciated that the epitaxial regions are not limited to

5  planar transistors but can be fabricated on other devices, such as but not limited to a tri-
gate transistor. Figure 4 illustrates a perspective view of a tri-gate device comprising a
substrate 200 having a semiconductor body or fin 260 (represented by dashed lines). A
gate electrode 340 is formed over 3 surfaces of the fin 260 to form 3 gates. A hard mask
410 is formed on top of the gate electrode 340. Gate spacers 460, 470 are formed at

10 opposite sidewalls of the gate electrode 340. The source region comprises the epitaxial
region 531 formed on a recessed source interface 266 and on a fin 260 sidewall. The cap
layer 541 is deposited over the epitaxial region 531.

Figures SA — SF illustrate a method of forming the semiconductor device as
discussed in relation to Figure 1. The fabrication of the semiconductor device begins by

15  providing the substrate 200 as shown in Figure 5A. The gate dielectric 310 is formed over
a desired channel region of the substrate 200. In one embodiment, the gate dielectric 310
is formed by any well known methods, such as but not limited to physical vapor
deposition (PVD), chemical vapor deposition (CVD) or atomic layer deposition (ALD).

The gate electrode 320 is formed over the gate dielectric 310. In an embodiment

20  of'the present invention, the gate electrode 320 is a sacrificial gate electrode that is
subscquently replaced by an actual gate clectrode in a replacement gate process. The hard
mask 410 is formed on top of the gate electrode 320. In an embodiment of the present
invention, gate electrode 320 and hard mask 410 are deposited using PVD or CVD, and
then patterned using well known photolithography and etching techniques.

25 Spacers 420, 440 are then formed on opposite sidewalls of the gate electrode 320.
Spacers 420, 440 comprises sidewalls 421, 441, and bottom surfaces 422, 442 that are
formed on the top surface of the substratc 200. In onc cmbodiment, the spaccrs 420, 440
are formed by using well known techniques, such as depositing a layer of spacer material
over the entire substrate 200 including the gate electrode 320, and then anisotropically

30  ctching the layer of spacer matcrial to form the spacers 420, 440 on the sidewalls of gate
electrode 320.

Next, a source region and a drain region are formed on the substrate 200. In an
embodiment of the present invention, fabrication of the source and drain regions begins by

recessing portions of the substrate 200 using well known etching techniques, such as but
-6-
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not limited to dry etching or wet etching. In an embodiment of the present invention, a
wet etching comprising an etchant chemistry that is substantially selective to the substrate
200 is utilized to recess the substrate 200 so as to form a recessed source interface 220 and
a recessed drain interface 230 as shown in Figure 5B.

Tn one embodiment, the wet etching undercuts the spacers 420, 440 and forms a
source epi-tip cavity 271 between the bottom surface 422 of spacer 420 and the recessed
source interface 220, and forms a drain epi-tip cavity 272 between the bottom surface of
spacer 440 and the recessed drain interface 230. As a result, the source epi-tip cavity 271
and drain epi-tip cavity 272 expose the bottom surfaces 422, 442 of the spacers 420, 440.
In one embodiment, the source epi-tip cavity 271 and drain epi-tip cavity 272 also expose
portions of the gate dielectric 310. As a result, a portion of the recessed source interface
220 extends laterally beneath the spacer 420 and beneath a portion of the gate electrode
320. Similarly, a portion of the recessed drain interface 230 extends laterally beneath the
spacer 440 and beneath a portion of the gate electrode 320.

It can be appreciated that the wet etching can be controlled (e.g. by adjusting the
etching duration) so that the source and drain epi-tip cavities 271, 272 do not expose the
gate dielectric 310. For instance, the recessed source interface 220 only extends laterally
beneath the spacer 420, and the recessed drain interface 230 only extends laterally beneath
the spacer 440.

In an embodiment of the present invention, the recessed source and drain interfaces
220, 230 dcfine the channcl region of the scmiconductor device. The channcl region
refers to the portion of the substrate 200 located directly beneath the gate diclectric 310
and between the recessed source and drain interfaces 220, 230.

Next, an epitaxial region is deposited over each of the recessed source and drain
interfaces 220, 230 by alternatingly exposing the substrate 200 to a first precursor and a
second precursor. Fabrication of the epitaxial region begins, in Figure 5C, by exposing
the cntirc substratc 200 to the first precursor so as to deposit cpitaxial films 511, 512 on
the recessed source and drain interfaces 220, 230. In the case where the substrate 200 is
made of monocrystalline silicon, the recessed source and drain interfaces 220, 230 are
monocrystallinc surfaces that allow cpitaxial growth of the cpitaxial films 511, 512
thereon. On the other hand, the hard mask 410, the spacers 420, 440, and the gate
dielectric 310 are non-crystalline surfaces. As a result, an amorphous layer 513 is
deposited on the top surface of the hard mask 410, on the sidewalls 421, 441 and bottom

surfaces 422, 442 of the spacers 420, 440, and on portions of the bottom surface of the
-7-
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gate dielectric 310.

In an embodiment of the present invention, the first precursor comprises a silicon-
containing compound, a carbon-containing compound, and a dopant. In one embodiment,
the silicon-containing compound includes, but not limited to, silanes and halogenated
silanes. Such silicon-containing compound includes silane (SiH,), disilane (SizHg),
trisilane (SizHg), dichlorosilane (SiH»Cl), and penta-chloro silane.

In one embodiment, the carbon-containing compound includes, but not limited to,
organosilanes. For example, the carbon-containing compound comprises mono-methyl
silane (CH3-SiHs). In one embodiment, the carbon-containing compound is mixed with
hydrogen (H,) or argon. For example, mono-methyl silane (CH3-SiH3) is mixed with
hydrogen (H,) or argon with the CH3-SiH3 concentration in the range of 0.5% to 20%.

In an embodiment of the present invention, the dopant is a n-type dopant such as,
but not limited to, phosphorus or arsenic. In one embodiment, the Phosphorus dopant is
incorporated in the epitaxial film using phosphine (PHs) without any dilution in Hydrogen
or an inert gas, such as N, or Ar. In another embodiment, the phosphine gas is mixed with
hydrogen, for example as a mixture of 3% phosphine (PH3) in hydrogen (H).

In one embodiment, the first precursor is delivered or released onto the substrate
200 with a carrier gas. In one embodiment, the carrier gas includes, but is not limited, to
hydrogen (Hy), or any inert gas such as nitrogen (N,) argon and helium and any
combinations thereof.

In an cmbodiment of the present invention, the substrate 200 is cxposcd to the first
precursor at a temperature of about 500 to 700 degrees Celsius, at a pressure of about 5 to
300 torr, and for a time duration of about 3 to 60 seconds. In a specific embodiment, the
substrate 200 is exposed to the first precursor at a temperature of 600 degrees Celsius, at a
pressure of 30 torr, and for a time duration of 15 seconds.

In one embodiment, the epitaxial films 511, 512 are grown to have a thickness of
about 6 to 100 Angstroms. In a spccific cmbodiment, the cpitaxial films 511, 512 arc
grown to have a thickness of 50 Angstroms. In the case where the first precursor uses a
phosphorus dopant, the deposited epitaxial films 511, 512 are crystalline films containing
silicon and carbon dopcd with phosphorus (i.c. in-situ carbon and phosphorus doped
silicon layer). The amorphous layer 513 contains silicon and carbon doped with
phosphorus.

An optional surface pre-treatment can be performed on the substrate 200 before

exposing it to the first precursor to facilitate epitaxial growth and reduce surface defects.
-8-
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In an embodiment of the present invention, the surface pre-treatment includes a hydrogen
bake treatment performed on the substrate 200 (in Figure 5B) to clean the recessed source
and drain interfaces 220, 230. The hydrogen bake treatment desorbs oxygen and renders
surface reconstruction so that the epitaxial films 511, 512 can readily nucleate without
formation of defects. Tn one embodiment, the hydrogen bake treatment is performed at
around 700 to 1050 degrees Celsius for a duration of about 10 to 120 seconds. In an
embodiment of the present invention, hydrogen chloride (HCI) is added to the hydrogen
bake treatment. The hydrogen chloride (HCI) enables removal of about 1 to 3 monolayers
of the recessed source and drain interfaces 220, 230 so that they are free of oxygen,
hydrocarbons and any other contaminants. In one embodiment, the hydrogen bake
treatment with hydrogen chloride (HCI) is performed at a lower temperature of around 700
to 900 degrees Celsius for a duration of about 10 to 120 seconds. Alternatively, chlorine
(Cly), germane (GeH,) or phosphine (PH3) can be used as an additional or alternative
chemical compound for hydrogen chloride (HCI).
In an alternative embodiment, the surface pre-treatment utilizes an etch step to clean the
recessed source and drain interfaces 220, 230. In one embodiment, the etch step uses an
etchant gas, such as but not limited to hydrogen (H,), anhydrous hydrochloric acid (HCI),
or a mixture of germane (GeH,4) and hydrogen (H,). In another embodiment, the surface
pre-treatment uses a combination of the etch step and the hydrogen bake treatment.
Before exposing the substrate 200 to the second precursor, a purging process can
be performed to remove the first precursor and other by-products from the substratc 200.
In one embodiment, the purging process injects an inert gas, such as but not limited to
nitrogen (Ny), helium or argon to remove any unreacted first precursor or by-products.
Next, in Figure 5D, the entire substrate 200 is exposed to the second precursor to
remove the amorphous layer 513 from the sidewalls 421, 441 and bottom surfaces 422,
442 of the spacers 420 , 440. Furthermore, the second precursor also removes any
amorphous laycr 513 formed on the hard mask 410 and bencath the gate diclectric 310.
In one embodiment, the second precursor 900 uses an etchant chemistry that etches the
amorphous layer 513 faster than the epitaxial films 511, 512. In one embodiment, the
sccond precursor 900 is an ctchant gas, such as but not limited to hydrogen (Hz),
anhydrous hydrochloric acid (HCI), and a mixture of germane (GeH,) and hydrogen (H,).
Germane (GeHy,) enables etch through catalysis, thus providing high etch rate at low
temperatures.

In one embodiment, the substrate 200 is exposed to the second precursor at a
-9-
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pressure of about 30 to 300 torr, and for a time duration of about 5 to 60 seconds. In a
specific embodiment, the substrate 200 is exposed to the second precursor at a pressure of
80 torr, and for a time duration of 20 seconds. In one embodiment, the temperature is
maintained at substantially the same level when exposing the substrate 200 to both the
first precursor and the second precursor.

Due to the weak chemical bonding between the amorphous layer 513 and the hard
mask 410, spacers 420, 440 and gate dielectric 310, the second precursor easily removes
the amorphous layer 513 deposited thereon. The second precursor reacts with the
amorphous layer 513 to convert it into by-products, thus removing the amorphous layer
513 from the hard mask 410, spacers 420, 440 and gate dielectric 310.

On the other hand, the epitaxial films 511, 512 have strong chemical bonds with
the recessed source and drain interfaces 220, 230. Due to the strong chemical bonds, only
small portions of the epitaxial films 511, 512 are removed by the second precursor. In one
embodiment, the thickness of the epitaxial films 511, 512 deposited during Figure 5C or
the duration of exposing the second precursor to the substrate 200 in Figure 5D can be
adjusted so as to effectively remove the amorphous layer 513 while maintaining sufficient
thickness for the epitaxial films 511, 512.

Figures 5C and 5D illustrate one deposition-etch cycle of forming the epitaxial
films 511, 512 over the recessed source and drain interfaces 220, 230. In one
embodiment, the deposition-etch cycle is repeated using the same type of first and second
precursors until a desircd number of cpitaxial films arc deposited. For cxample, Figurc SE
shows epitaxial regions 531, 532 containing ten epitaxial films each.

It can be appreciated that the epitaxial regions 531, 532 are not limited to only ten
layers of epitaxial films each. In one embodiment, about 3 to 100 deposition-etch cycles
are performed to form the epitaxial regions 531, 532. In a specific embodiment, 30
deposition-etch cycles are performed to form the epitaxial regions 531, 532 having a
thickncss of around 30 nanomcters.

In an embodiment of the present invention, the epitaxial regions 531, 532 are
deposited with a graded concentration of carbon or phosphorus. The carbon and
phosphorus concentration of cach cpitaxial film deposition can be optimized to provide
optimal selectivity and defect-free epitaxy. Furthermore, the graded carbon or phosphorus
concentration promotes the removal of the amorphous material during the deposition-etch
cycles. In one embodiment, the graded carbon concentration of the epitaxial regions 531,

532 (shown in Figure SE) begins at around 0.5 atomic % for the lowest epitaxial film and
-10-
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is gradually increased to a desired level of about 2 atomic % in the uppermost epitaxial
film. In another embodiment, the graded phosphorus concentration level of the epitaxial
regions 531, 532 begins at around 8E19 cm” for the lowest epitaxial film and is gradually
increased to a desired level of around 2E21 cm™ in the uppermost epitaxial film. In one
embodiment, the epitaxial regions 531, 532 are deposited with a combination of graded
carbon concentration (0.5 - 2 atomic %) and graded phosphorus concentration (8E19 -
2E21 cm™).

The epitaxial regions 531, 532 are selectively formed over the recessed source and
drain interfaces 220, 230 as shown in Figure SE. However, the removal of the amorphous
layer 513 during each deposition-etch cycle results in voids or cavities 281,282 formed
between the bottom surfaces 422, 442 of spacers 420, 440 and the top surfaces of the
epitaxial regions 531, 532. In one embodiment, the cavities 281, 282 also extend between
portions of the gate dielectric 310 and the epitaxial regions 531, 532. The cavities 281,
282 may cause detrimental effects on the transistor performance, and thus need to be
eliminated. In an embodiment of the present invention, the cavities 281, 282 are
substantially backfilled by cap layers 541, 542 selectively deposited over the epitaxial
regions 531, 532 as shown in Figure 5F.

In an embodiment of the present invention, the cap layers 541, 542 are selectively
deposited over the epitaxial regions 531, 532 in a single deposition process by exposing
the substrate 200 to a third precursor. In one embodiment, the third precursor comprises
the same silicon-containing compound and dopant of the first precursor, and the samc
etchant gas of the second precursor.

In the case where the epitaxial regions 531, 532 are crystalline films having silicon
and carbon doped with phosphorus, the third precursor uses the same phosphorus dopant
to form cap layers 541, 542. The crystalline surfaces of the epitaxial layers 531, 532 allow
epitaxial growth of cap layers 541, 542 thereon, and as a result, the cap layers 541, 542 are
cpitaxial laycrs containing silicon dopcd with phosphorus. Apart from backfilling the
cavities, the phosphorus doped silicon cap layers 541, 542 provides an advantage of
inducing tensile stress on the channel region, thereby increasing electron mobility and
improving the device performance.

In one embodiment, a co-flown deposition technique is used to expose the
substrate 200 to the silicon-containing compound, the dopant, and the etchant gas at the
same time. In one embodiment, the etchant gas does not include germane (GeH,). During

deposition, the etchant gas easily removes any silicon and phosphorus-containing
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compound that are weakly bonded on the hard mask 410 and spacers 420, 440 so that the
cap layers 541, 542 are deposited over the epitaxial regions 531, 532 and not deposited on
the hard mask 410 or the spacers 420, 440.

In an embodiment of the present invention, the substrate 200 is exposed to the third
precursor at a temperature of about 550 to 800 degrees Celsius, at a pressure of about 10
torr to atmospheric pressure, and for a time duration of about 30 to 900 seconds. Ina
specific embodiment, the substrate 200 is exposed to the first precursor at a temperature of
635 degrees Celsius, at a pressure of 600 torr, and for a time duration of 180 seconds.

In one embodiment, the cap layers 541, 542 are grown to have a thickness of about
50 to 500 Angstroms. In a specific embodiment, the cap layers 541, 542 are grown to
have a thickness of 300 Angstroms.

Portions of the epitaxial region 531 and cap layer 541 directly beneath the spacer
420 and gate dielectric 310 forms the source epi-tip region 503. Similarly, portions of the
epitaxial region 532 and cap layer 542 directly beneath the spacer 440 and gate dielectric
310 forms the drain epi-tip region 504. By forming the source and drain epi-tip regions
503, 504 in relatively close proximity to the channel region, a larger hydrostatic stress is
induced on the channel region, resulting in higher electron mobility and increasing drive
current. The stress can be further amplified by increasing the carbon concentrations of the
source and drain epi-tip regions 503, 504 during fabrication of the epitaxial regions 531,
532. Furthermore, the carbon concentrations of the source and drain epi-tip regions
503,504 also help to suppress any phosphorus diffusion during subscquent thermal
anneals.

In an embodiment of the present invention, the gate electrode 320 is a sacrificial
gate electrode that is subsequently replaced by an actual gate electrode in a replacement
gate process. In one embodiment, the replacement gate process begins by depositing a
mask on the cap layers 541, 542 and then planarizing the mask to be coplanar with the
hard mask 410 (not shown). Ncxt, thc hard mask 410 and gate clectrode 320 arc removed
using well known etching techniques. After removing the hard mask 410 and gate
clectrode 320, the actual gate electrode is then deposited on the gate dielectric 310. In one
cmbodiment, the actual gatc clectrodc is a metal gate clectrode comprising materials such
as, but not limited to, platinum, tungsten or titanium. This completes the fabrication of the
semiconductor device shown in Figure 1.

Figures 6A — 6F illustrate a method of forming the semiconductor device as

discussed in relation to Figure 2. The fabrication of the semiconductor device begins by
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providing the substrate 200 as shown in Figure 6A. The semiconductor device shown in
Figure 6A is the same as Figure 5A, and thus will not be discussed in detail. Briefly, the
semiconductor device comprises the gate dielectric 310 formed over a desired channel
region of the substrate 200. The gate electrode 320 is formed over the gate dielectric 310.
Tn an embodiment of the present invention, the gate electrode 320 is a sacrificial gate
electrode that is subsequently replaced by an actual gate electrode in a replacement gate
process. Hard mask 410 is formed on top of the gate electrode and spacers 420, 440 are
formed at the sidewalls of the gate electrode 320.

Next, a source region and a drain region are formed on the substrate 200. In an
embodiment of the present invention, fabrication of the source and drain regions begins by
recessing portions of the substrate 200 using well known etching techniques, such as but
not limited to dry etching or wet etching. In an embodiment of the present invention, a
wet etching that is substantially selective to the substrate 200 is utilized to recess the
substrate 200 so as to form a recessed source interface 240 and a recessed drain interface
250 as shown in Figure 6B.

In an embodiment of the present invention, the substrate 200 is made of {001}
silicon. The wet etch uses an etchant chemistry that etches the {001} silicon substrate 200
based on crystallographic direction, and in particular etches the {001} silicon substrate
200 much more slowly along its {111} crystallographic plane to form the {111} facets
241, 251 as the etch proceeds much more rapidly in other crystallographic directions. As
a rcsult, a source cpi-tip cavity 271 is formed between the bottom surface 422 of spacer
420 and the {111} facet 241. A drain epi-tip cavity 272 is formed between the bottom
surface of spacer 440 and the {111} facet 251.

The wet etch chemistry includes, but not limited to, an ammonia-based or amine-
based ctchant. Examples of ammonia-based etchants are ammonium hydroxide
(NH40H), tetramethylammonium hydroxide (TMAH) and benzyltrimethylammonium
hydroxide (BTMH). Thc wet ctch chemistry includces other types of ctchants, such as
potassium hydroxide (KOH) and sodium hydroxide (NaOH).

In one embodiment, the wet etch further creates {010} facets 242, 252 in the
channcl rcgion of the {001} silicon substratc 200. The {010} faccts 242, 252 cxtends
directly beneath the gate dielectric 310. In a specific embodiment, {010} facets 242, 252
are formed up to a length of around 3 nanometers from the gate dielectric 310.

Next, an epitaxial region is deposited over each of the recessed source and drain

interfaces 240, 250 by alternatingly exposing the substrate 200 to a first precursor and a
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second precursor. The method of fabricating the epitaxial region, as illustrated in Figures
6C, 6D and 6E, is similar to the methods of fabrication discussed in Figures 5C, 5D and
SE. Before exposing the substrate 200 to the first precursor, an optional surface pre-
treatment can be performed on the substrate 200 to facilitate epitaxial growth and reduce

5  surface defects. In one embodiment, the surface pre-treatment comprises a hydrogen bake
treatment and/or etching step as previously discussed in Figure 5C to clean the recessed
source and drain interfaces 240, 250.

Beginning from Figure 6C, the entire substrate 200 is exposed to the first precursor

so at to deposit epitaxial films 511, 512 on the recessed source and drain interfaces 240,
10 250. The recessed source and drain interfaces 240, 250, including their {111} facets 241,
251 and {010} facets 242, 252, are monocrystalline surfaces that allow epitaxial growth of
the epitaxial films 511, 512 thereon. On the other hand, the hard mask 410, the spacers
420, 440, and the gate dielectric 310 are non-crystalline surfaces, and thus the amorphous
layer 513 is deposited thereon. The same first precursor and process conditions, as
15  discussed in relation to Figure 5C, are applicable here and will not be discussed.

Next, in Figure 6D, the entire substrate 200 is similarly exposed to the second
precursor to remove the amorphous layer 513 from the sidewalls 421, 441 and bottom
surfaces 422, 442 of the spacers 420 , 440. Furthermore, the second precursor also
removes any amorphous layer 513 formed on the hard mask 410 and beneath the gate

20  dielectric 310. The same second precursor and process conditions, as discussed in relation
to Figurc 5D, arc applicablc here and will not be discussed.

Figures 6C and 6D illustrate one deposition-etch cycle of forming the epitaxial
films 511, 512 over the recessed source and drain interfaces 240, 250 including their
{111} facets 241, 251 and {010} facets 242, 252. The deposition-etch cycle is repeated

25  until a desired number of epitaxial films are deposited. For illustration purposes, Figure
6FE shows epitaxial regions 531, 532 containing ten epitaxial films each. In an
cmbodiment of the present invention, the cpitaxial regions 531, 532 arc deposited with a
graded concentration of carbon or phosphorus as previously described in Figure SE. For
example, the epitaxial regions 531, 532 (shown in Figure 6E) are deposited with a graded

30  carbon concentration of around 0.5 atomic % for the lowest cpitaxial film and arc
gradually increased to a desired level of about 2 atomic % for the uppermost epitaxial
film. Alternatively, the epitaxial regions 531, 532 are deposited with a graded phosphorus
concentration level of around 8E19 cm™ for the lowest epitaxial film and are gradually

increased to a desired level of around 2E21 cm™ for the uppermost epitaxial film. In one
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embodiment, the epitaxial regions 531, 532 are deposited with a combination of graded
carbon concentration (0.5 - 2 atomic %) and graded phosphorus concentration (8E19 -
2E21 cm™).
The removal of the amorphous layer 513 during each deposition-etch cycle
5  similarly results in cavities 281,282 formed between the bottom surfaces 422, 442 of
spacers 420, 440 and the top surfaces of the epitaxial regions 531, 532. The cavities 281,
282 are substantially backfilled by the cap layers 541, 542 selectively deposited over the
epitaxial regions 531, 532 as shown in Figure 6F.
In one embodiment, the cap layers 541, 542 are selectively deposited over the
10  epitaxial regions 531, 532 in a single deposition process by exposing the substrate 200 to a
third precursor. The same third precursor and process conditions, as discussed in relation
to Figure SF, are applicable here. In the case where the epitaxial regions 531, 532 are
crystalline films having silicon and carbon doped with phosphorus, the third precursor
uses the same phosphorus dopant to form cap layers 541, 542. The crystalline surfaces of
15  the epitaxial regions 531, 532 allow epitaxial growth of cap layers 541, 542 thereon, and
as a result, the cap layers 541, 542 are epitaxial layers containing silicon doped with
phosphorus. This completes the fabrication of the semiconductor device shown in Figure
2.
Figures 7A — 7C illustrate a method of forming the semiconductor device as
20  discussed in relation to Figure 3. Beginning from Figure 7A, the fabrication of the
semiconductor device begins by providing the substrate 200. The semiconductor device
shown in Figure 7A is the same as Figure 5A, and thus will not be discussed here.
Next, a source region and a drain region are formed on the substrate 200. In an
embodiment of the present invention, fabrication of the source and drain regions begins by
25  recessing portions of the substrate 200 using well known etching techniques, such as but
not limited to dry etching or wet etching. In one embodiment, the wet etching used in
Figurc 6B is similarly applicd here to recess the substrate 200 so as to form a recessed
source interface 240 and a recessed drain interface 250, as shown in Figure 7B. The wet
etch uses the same etchant chemistry as described in relation to Figure 6B to form {111}
30  faccts 241, 251 in the {111} crystallographic planc of the {001} silicon substratc 200. In
one embodiment, the wet etch further creates {010} facets 242, 252 in the channel region
of the {001} silicon substrate 200.
Next, epitaxial layers 610, 620 are selectively deposited over the recessed source

and drain interfaces 240, 250 as shown in Figure 7C. In an embodiment of the present
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invention, the epitaxial layers 610, 620 are selectively deposited in a single deposition
process by exposing the substrate 200 to a precursor comprising an etchant gas.

In one embodiment, the precursor comprises the silicon-containing compound and
dopant similarly described in Figure 5C. In one embodiment, the silicon-containing
compound includes, but not limited to, silanes and halogenated silanes. Such silicon-
containing compound includes silane (SiHy), disilane (Si,Hs), trisilane (SizHg),
dichlorosilane (SiH,Cl,), and penta-chloro silane. In an embodiment of the present
invention, the dopant is a n-type dopant such as, but not limited to, phosphorus or arsenic.
In one embodiment, the phosphorus dopant is introduced into the epitaxial layers using
phosphine (PH3) without any dilution in Hydrogen or an inert gas, such as N, or Ar. In
another embodiment, the phosphine gas is mixed with hydrogen, for example as a mixture
of 3% phosphine (PHs) in hydrogen (H;). In one embodiment, the etchant gas of the
precursor includes, but is not limited to hydrogen (H,) and anhydrous hydrochloric acid
(HCI).

In one embodiment, a co-flown deposition technique is used to deliver the
precursor, including the etchant gas to the substrate 200 at the same time. In one
embodiment, the substrate 200 is exposed to the precursor at a temperature of about 550 to
800 degrees Celsius, at a pressure of about 10 torr to atmospheric pressure, and for a time
duration of about 30 to 2000 seconds. In a specific embodiment, the substrate 200 is
exposed to the first precursor at a temperature of 635 degrees Celsius, at a pressure of 600
torr, and for a timc duration of 800 scconds.

In one embodiment, the epitaxial layers 610, 620 are grown to have a thickness of
about 30 to 2000 Angstroms. In a specific embodiment, the epitaxial layers 610, 620 are
grown to have a thickness of 750 Angstroms. In the case where a phosphorus dopant is
used, the epitaxial layers 610, 620 comprise silicon doped with phosphorus.

In the case where the substrate 200 is made of monocrystalline silicon, the
rccessed source and drain interfaces 240, 250 including their {111} faccts 241, 251 and
{010} facets 242, 252 are monocrystalline surfaces that allow epitaxial growth of the
epitaxial layers 610, 620 thereon. Since the hard mask 410 and spacers 420, 440 have
non-crystallinc surfaccs, the ctchant gas casily removes any silicon and phosphorus-
containing compound that are weakly bonded on the hard mask 410 and spacers 420, 440
during deposition so that the epitaxial layers 610, 620 are deposited over the recessed
source and drain interfaces 240, 250 and not deposited on the hard mask 410 or spacers

420, 440.
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Portions of the epitaxial layer 610 deposited between the spacer 420 and {111},
{010} facets 241, 242 form the source epi-tip region 611. Similarly, portions of the
epitaxial layer 620 deposited between the spacer 440 and {111}, {010} facets 251, 252
form the drain epi-tip region 621. By forming the source and drain epi-tip regions 611,

5 621 in relatively close proximity to the channel region, a larger hydrostatic stress is
induced on the channel region, resulting in higher electron mobility. Furthermore, the
phosphorus doped silicon epitaxial layers 610, 620 induces tensile stress on the channel
region, thereby increasing electron mobility and improving the device performance. This
completes the fabrication of the semiconductor device shown in Figure 3.

10 In addition, an optional surface pre-treatment can be performed on the substrate
200 before exposing it to the precursor to facilitate epitaxial growth and reduce surface
defects. For example, a similar hydrogen bake treatment described in relation to Figure
5C is performed on the substrate 200 (in Figure 7B) to clean the recessed source and drain
interfaces 240, 250 including theirs {111} facets 241, 251 and {010} facets 242, 252.

15 Figures 8A — 8l illustrate a method of forming the tri-gate device as discussed in
relation to Figure 4. The fabrication of the tri-gate device begins by providing the
substrate 200 as shown in Figure 8A. The substrate 200 comprises a semiconductor body
or fin 260 extending from the substrate 200 through the isolation regions 710, 720. In one
embodiment, the isolation regions 710, 720 are shallow trench isolation (STT) regions

20  formed by common techniques, such as etching the substrate 200 to form trenches, and
then depositing oxide material onto the trenches to form the ST regions. The isolation
regions 710, 720 are made from any well known insulative material, such as but not
limited to silicon oxide (e.g., SiOy).

In one embodiment, the fin 260 comprises a top surface 261 above the isolation

25  regions 700. The fin 260 further includes a front surface 262 exposed above the isolation
region 710, and a back surface 263 exposed above the isolation region 720. In one
cmbodiment, the fin 260 is madc from the samc scmiconductor matcrials as the substrate
200.

Next, in Figure 8B, a gate dielectric 330 is formed over a portion of the top surface

30 261, the front surface 262 and the back surfacc 263. In onc cmbodiment, the gate diclectric
330 is formed by any well known methods, such as but not limited to physical vapor
deposition (PVD), chemical vapor deposition (CVD) or atomic layer deposition (ALD).

Then, a gate electrode 340 is formed over the gate diclectric 330, and exposing

portions 264, 265 of the fin 260 at either sides of the gate electrode 340. In one
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embodiment, the gate electrode 340 is made of any well known materials, such as but not
limited to polysilicon. The gate electrode 340 formed over the top surface 261, the front
surface 262 and the back surface 263 creates three gates for the tri-gate device. The hard
mask 410 is then formed on top of the gate electrode 320.

5 Next, gate spacers 460, 470 are deposited on opposite sidewalls of the gate
electrode 340 as shown in Figure 8C. In one embodiment, the spacers 460, 470 are
formed by using well known techniques, such as depositing a layer of spacer material over
the entire substrate 200 including the gate electrode 320, and then anisotropically etching
the layer of spacer material to form the spacers 460, 470 on the sidewalls of gate electrode

10 340. At the same time, fin spacers 480, 490 are formed on the sidewalls of the exposed
portions 264, 265 of the fin 260. In one embodiment, the gate spacers 460, 470 and fin
spacers 480, 490 are made of a material such as but not limited to a silicon nitride, silicon
dioxide or silicon oxynitride.

Next, a source region and a drain region are formed on the substrate 200. Tn an

15  embodiment of the present invention, fabrication of the source and drain regions begins in
Figure 8D by removing the fin spacers 480, 490 from the sidewalls of the exposed
portions 264, 265 of the fin 260. The fin spacers 480, 490 are removed by well known
etching techniques, such as but not limited to dry etching or wet etching.

In one embodiment, an anisotropic wet-etch is used to completely remove the fin

20  spacers 480, 490 from the exposed portions 264, 265 of the fin 260. At the same time, the
anisotropic wct-ctch also removes portions of the gatc spacers 460, 470, thus cxposing
portions of the hard mask 410 sidewalls. Since the gate spacers 460, 470 have a larger
height and thickness than the fin spacers 480, 490, the anisotropic wet-etch removes the
fin spacers 480, 490 faster than the gate spacers 460, 470. The anisotropic wet-etch can be

25  controlled to completely remove the fin spacers 480, 490 but leaving sufficient thickness
of the gate spacers 460, 470 on the gate electrode 340 so that the gate electrode 340
sidcwalls arc not cxposcd.

Next, an etching is performed on the substrate 200 to recess the exposed portions
264, 265 of the fin 260. In an embodiment of the present invention, the etching uses an

30  ctchant chemistry that is substantially sclective to the fin 260 to reecss the cxposed portion
264 so as to form a recessed source interface 266 below the top surface of the isolation
regions 710, 720, and to form a fin sidewall 267 as shown in Figure 8E. On the other side
of the gate electrode 340, the exposed portion 264 is recessed to form a recessed drain

interface 268 and a fin sidewall 269. In one embodiment, the recessed source and drain
-18-
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interfaces 266, 268 are about 100 to 400 Angstroms below the top surface of the isolation
regions 710, 720.

Figure 9 illustrates a cross-sectional view of the tri-gate device showing the fin
sidewall 267 extending from the top surface 261to the recessed source interface 266, and
the fin sidewall 269 extending from the top surface 261 to the recessed drain interface 268.
In an embodiment of the present invention, the fin sidewalls 267, 269 are substantially
coplanar or flushed with the gate spacers 460, 470 sidewalls 461, 471. In one
embodiment, the fin sidewalls 267, 269 are {110} facets in the {110} crystallographic
plane of the substrate 200, and the recessed source and drain interfaces 266, 268 are {100}
facets in the {100} crystallographic plane of the substrate 200.

In an alternative embodiment, an isotropic etch is used to form fin sidewalls 267,
269 recessed within the gate spacers 460, 470. Figure 8E’ is a perspective view of the tri-
gate device showing the fin sidewall 267 recessed within the gate spacer 470. Figure 9” is
a cross-sectional view showing both the fin sidewalls 267, 269 recessed beneath the gate
spacer 460, 470. In one embodiment, the fin sidewalls 267, 269 are recessed until about
25 to 200 Angstroms from the gate spacer sidewalls 461, 471.

Continuing from Figure 8E, an epitaxial region is then deposited over each of the
recessed source and drain interfaces 266, 268 by alternatingly exposing the substrate 200
to a first precursor and a second precursor. The method of fabricating the epitaxial region,
as illustrated in Figures 8F, 8G and 8H, is similar to the methods of fabrication discussed
in Figurcs 5C, 5D and SE.

Beginning from Figure 8F, the entire substrate 200 is exposed to the first precursor
so at to deposit an epitaxial film 511 on the recessed source interface 266 and fin sidewall
267. At the same time, an epitaxial film 512 is deposited on the recessed drain interface
268 and fin sidewall 269 as shown in cross-sectional view of Figure 10. The recessed
source and drain interfaces 266, 268, and the fin sidewalls 267, 269, are monocrystalline
surfaccs that allow cpitaxial growth of the cpitaxial films 511, 512 thercon. On the other
hand, the hard mask 410, the gate spacers 460, 470, and isolation regions 710, 720 are
non-crystalline surfaces, and thus the amorphous layer 513 is formed thereon. The same
first precursor and process conditions, as discussed in relation to Figure 5C, arc applicable
here and will not be discussed.

Next, in Figure 8G, the entire substrate 200 is similarly exposed to the second
precursor to remove the amorphous layer 513 from the gate spacers 460, 470, and isolation

regions 710, 720. Furthermore, the second precursor also removes any amorphous layer
-19-
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513 formed on the hard mask 410. Figure 11 shows a cross-sectional view of the tri-gate
device after the amorphous layer 513 has been removed. The same second precursor and
process conditions, as discussed in relation to Figure 5D, are applicable here and will not
be discussed.

Figures 8F-8G and Figures 10-11 illustrate one deposition-etch cycle of forming
the epitaxial films 511, 512 over the recessed source and drain interfaces 266, 268 and the
fin sidewalls 267, 269. The deposition-etch cycle is repeated until a desired number of
epitaxial films are deposited. Tn one embodiment, the final epitaxial regions 531, 532
comprise five epitaxial films as shown in Figure 12. In an embodiment of the present
invention, the epitaxial regions 531, 532 are deposited with a graded concentration of
carbon or phosphorus as previously described in Figure 5E. For example, the epitaxial
regions 531, 532 (shown in Figure 12) are deposited with a graded carbon concentration of
around 0.5 atomic % for the lowest epitaxial film and are gradually increased to a desired
level of about 2 atomic % for the uppermost epitaxial film. Alternatively, the epitaxial
regions 531, 532 are deposited with a graded phosphorus concentration level of around
8E19 cm™ for the lowest epitaxial film and are gradually increased to a desired level of
around 2E21 cm™ for the uppermost epitaxial film. In one embodiment, the epitaxial
regions 531, 532 are deposited with a combination of graded carbon concentration (0.5 - 2
atomic %) and graded phosphorus concentration (8E19 - 2E21 cm™)

In the alternative embodiment where the fin sidewalls 267, 269 are recessed within
the gatc spacers 460, 470, the cpitaxial regions 531, 531 arc formed in closer proximity to
the channel region of the tri-gate device, thus inducing a higher amount of stress on the
channel region.

The removal of the amorphous layer 513 during each deposition-etch cycle
similarly results in voids or cavities 281,282 formed between the epitaxial regions 531,
532 and the isolation regions 710, 720 as shown in Figures 8H and 13. The cavities 281,
282 arc substantially backfilled by the cap laycrs 541, 542 sclectively deposited over the
epitaxial regions 531, 532 as shown in Figures 81, 14 and 15.

In one embodiment, the cap layers 541, 542 are selectively deposited over the
cpitaxial regions 531, 532 in a singlc deposition process by cxposing the substrate 200 to a
third precursor. The same third precursor and process conditions, as discussed in relation
to Figure SF, are applicable here. In the case where the epitaxial regions 531, 532 are
crystalline films having silicon and carbon doped with phosphorus, the third precursor

uses the same phosphorus dopant to form cap layers 541, 542. The crystalline surfaces of
-20-
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the epitaxial regions 531, 532 allow epitaxial growth of cap layers 541, 542 thereon, and
as a result, the cap layers 541, 542 are epitaxial layers containing silicon doped with
phosphorus. The phosphorus doped silicon cap layers 541, 542 provide an advantage of
inducing tensile stress on the channel region of the semiconductor fin 260, which
5  increases the electron mobility and improves the device performance. This completes the

fabrication of the semiconductor device shown in Figure 4.

Several embodiments of the invention have thus been described. However, those
ordinarily skilled in the art will recognize that the invention is not limited to the
embodiments described, but can be practiced with modification and alteration within the

10 spirit and scope of the appended claims that follow.

-21-
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IN THE CLAIMS

We claim:

5 1 A method of forming a semiconductor device comprising:
providing a substrate having a gate electrode, and a spacer formed on the sidewall
of the gate electrode;
etching the substrate to form a recessed interface;
forming an epitaxial region over the recessed interface by alternatingly exposing
10 the substrate to a first precursor and a second precursor; and

selectively depositing a cap layer over the epitaxial region.

2. The method of claim 1, wherein alternatingly exposing the substrate to the first
precursor and the second precursor comprises:
15 exposing the substrate to the first precursor to
deposit an epitaxial film over the recessed interface, and
deposit an amorphous layer on the sidewall and bottom surface of
the spacer; and
exposing the substrate to the second precursor to remove the amorphous layer from

20  the sidewall and bottom surface of the spacer.

3. The method of claim 1, wherein the first precursor comprises
a silicon-containing compound comprising silane;

a carbon-containing compound comprising organsilane; and

25 a dopant comprising phosphorus.
4. The mcthod of claim 3, whercin the cpitaxial region compriscs silicon and carbon
doped with phosphorus.

30 5. The method of claim 1, wherein the sccond precursor is an ctchant gas.

6. The method of claim 1,
wherein forming the epitaxial region over the recessed interface results in a void

between the epitaxial region and the bottom surface of the spacer; and
22
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wherein the cap layer backfills the void.

7. The method of claim 1, wherein the cap layer is selectively deposited over the
epitaxial region by exposing the substrate to a third precursor, the third precursor
comprising

a silicon-containing compound comprising silane;

a dopant comprising phosphorus; and

an etchant gas.

8. The method of claim 7, wherein the cap layer comprises silicon doped with
phosphorus.
9. The method of claim 1, further comprising:

performing a hydrogen bake treatment on the substrate before alternatingly

exposing the substrate to a first precursor and a second precursor.

10.  The method of claim 1, wherein etching the substrate to form a recessed interface
comprises:
performing a wet etch to form a {111} facet in the {111} crystallographic plane of

the substrate.

11. The method of claim 10, wherein the wet etch forms a {010} facet in the {010}

crystallographic plane of the substrate.

12.  The method of claim 10, wherein the wet etch uses an etchant chemistry selected
from the group consisting of potassium hydroxide (KOH), sodium hydroxide (NaOH), an

ammonia-bascd ctchant or an aminc-bascd ctchant.

13. A method of forming a semiconductor device comprising;

providing a substratc having a gatc clcctrodc, and a first spacer and a second
spacer formed on opposite sidewalls of the gate electrode;

etching the substrate to form a recessed source interface and a recessed drain
interface;

selectively depositing a first epitaxial layer over the recessed source interface and a
23-
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second epitaxial layer over the recessed drain interface by exposing the substrate to a

precursor comprising an etchant gas.

14.  The method of claim 13, wherein the precursor comprises
a silicon-containing compound comprising silane; and

a dopant comprising phosphorus.

15.  The method of claim 14, wherein both the first and second epitaxial layers

comprises silicon doped with phosphorus.

16.  The method of claim 13, wherein etching the substrate to form a recessed source
interface and a recessed drain interface comprises:
performing a wet etch to form a {111} facet in the {111} crystallographic plane of

the substrate at the recessed source interface and the recessed drain interface.

17. The method of claim 16, wherein the wet etch forms a {010} facet in the {010}
crystallographic plane of the substrate at the recessed source interface and the recessed

drain interface.

18.  The method of claim 16, wherein the wet etch uses an etchant chemistry selected
from the group consisting of potassium hydroxide (KOH), sodium hydroxide (NaOH), an

ammonia-based etchant or an amine-based etchant.

19. A method of forming a semiconductor device comprising:
providing a substrate having an insulation layer thereon, and a semiconductor body
that extends from the substrate through the insulation layer;
forming a gatc clectrode over a portion of the semiconductor body, thercby
defining an exposed portion of the semiconductor body;
depositing a gate spacer on a sidewall of the gate electrode;
ctching the cxposcd portion of the scmiconductor body to form
a first surface recessed below the top surface of the insulation layer, and
a second surface coplanar with the gate spacer;
forming an epitaxial region on the first surface and second surface by alternatingly

exposing the substrate to a first precursor and a second precursor; and
24~

Page 1273 of 1640



10

15

20

25

30

WO 2011/084262 PCT/US2010/058199

selectively depositing a cap layer over the epitaxial region.

20.  The method of claim 19, wherein depositing the gate spacer on the sidewall of the
gate electrode comprises:
depositing body spacers on the sidewalls of the exposed portion of the

semiconductor body.

21.  The method of claim 20, further comprising:
removing the body spacers from the sidewalls of the exposed portion of the

semiconductor body prior to etching the exposed portion of the semiconductor body.

22. The method of claim 19, further comprising:
etching the second surface so that the second surface is recessed within the gate

spacer.

23. The method of claim 19,
wherein forming an epitaxial region on the first surface and second surface results
in a void between the epitaxial region and the insulation layer; and

wherein the cap layer backfills the void.

24, The mcthod of claim 19, wherein altcrnatingly cxposing the substratc to the first
precursor and the second precursor comprises:
exposing the substrate to the first precursor to
deposit an epitaxial film over the first surface and second surface, and
deposit an amorphous layer on the insulation layer and the gate spacer; and
exposing the substrate to the second precursor to remove the amorphous layer from

the insulation laycr and the gatc spaccr.

25.  The method of claim 19, wherein the first precursor comprises
a silicon-containing compound comprising silanc;
a carbon-containing compound comprising organsilane; and

a dopant comprising phosphorus.

26.  The method of claim 25, wherein the epitaxial region comprises silicon and carbon
_25-
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doped with phosphorus.
27.  The method of claim 19, wherein the second precursor is an etchant gas.

5 28 The method of claim 19, wherein the cap layer is selectively deposited over the
epitaxial region by exposing the substrate to a third precursor, the third precursor
comprising

a silicon-containing compound comprising silane;
a dopant comprising phosphorus; and

10 an etchant gas.

29.  The method of claim 28, wherein the cap layer comprises silicon doped with

phosphorus.

15 30. A semiconductor device comprising:
a substrate comprising
a gate electrode formed over a channel region of the substrate, and
a recessed source interface and a recessed drain interface formed on the
substrate at opposite sides of the gate electrode;

20 a first spacer and a second spacer formed on opposite sidewalls of the gate
clectrode, whercein a portion of the rccessed source interface cxtends laterally bencath the
bottom surface of the first spacer, and a portion of the recessed drain interface extends
laterally beneath the bottom surface of the second spacer;

a source region comprising
25 a first epitaxial region formed over the recessed source interface, and
a first cap layer formed over the first epitaxial region, wherein a portion of
the first cap laycr is formed between the first epitaxial region and the
bottom surface of the first spacer; and
a drain region comprising
30 a sccond cpitaxial region formed over the recessed drain interface, and
a second cap layer formed over the second epitaxial region, wherein a
portion of the second cap layer is formed between the second epitaxial

region and the bottom surtace of the second spacer.

-26-
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31.  The semiconductor device of claim 30, wherein the first and second epitaxial

regions each comprises silicon and carbon doped with phosphorus.

32.  The semiconductor device of claim 31, wherein the wherein the first and second
epitaxial regions each comprises silicon having
a carbon concentration in the range of 0.5 atomic % to 4 atomic %, and

a phosphorus concentration in the range of 9E19 cm™ to 3E21 cm™ .

33.  The semiconductor device of claim 31, wherein the first and second cap layers

cach comprises silicon doped with phosphorus.

34.  The semiconductor device of claim 33, wherein the first and second cap layers
each comprises silicon having a phosphorus concentration in the range of 819 cm™ to
3E21 em™.

35. A semiconductor device comprising:
a substrate having an insulation layer formed thereon;
a semiconductor body extending from the substrate through the insulation layer,
wherein the semiconductor body comprises
a top surface, a front surface and a back surface exposed above the
insulation laycr,
a first sidewall extending from the top surface to a source interface, and
a second sidewall opposite the first sidewall, the second sidewall extending
from the top surface to a drain interface;
a gate electrode formed over the top surface, the front surface and the back surface
of the semiconductor body;
a first spaccr and a sccond spacer formed on oppositc sidewalls of the gatc
electrode;
a source region comprising
a first cpitaxial region formed on the first sidewall and the source intcrface,
and
a first cap layer formed over the first epitaxial region, wherein a portion of
the first cap layer is formed between the first epitaxial region and the

insulation layer; and
27-
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a drain region comprising
a second epitaxial region formed over the second sidewall and the drain
interface, and
a second cap layer formed over the second epitaxial region, wherein a
portion of the second cap layer is formed between the second epitaxial

region and the insulation layer.

36.  The semiconductor device of claim 35, wherein the first sidewall is substantially

coplanar to the first spacer, and the second sidewall is coplanar to the second spacer.

37. The semiconductor device of claim 35, wherein the first sidewall is recessed within

the first spacer, and the second sidewall is recessed within the second spacer.

38.  The semiconductor device of claim 35, wherein the source interface and the drain

interface are recessed below the top surface of the insulation layer.

39.  The semiconductor device of claim 35, wherein the first and second epitaxial

regions each comprises silicon and carbon doped with phosphorus.

40. The semiconductor device of claim 39, wherein the wherein the first and second
cpitaxial regions cach compriscs silicon having
a carbon concentration in the range of 0.5 atomic % to 4 atomic %, and

a phosphorus concentration in the range of 9E19 cm™ to 3E21 cm™ .

41.  The semiconductor device of claim 35, wherein the first and second cap layers

each comprises silicon doped with phosphorus.
42. The semiconductor device of claim 41, wherein the first and second cap layers

each comprises silicon having a phosphorus concentration in the range of 8E19 cm™ to

3E21 em™,

.08-
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CONTACT RESISTANCE REDUCTION EMPLOYING GERMANIUM
OVERLAYER PRE-CONTACT METALIZATION

Inventors:
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Anand S. Murthy

Tahir Ghani
RELATED APPLICATION
j0001] This application is a continuation-in-part of U.S. Application No. 12/975,278 filed
December 21, 2010.
BACKGROUND

[0002] Increased performance of circuit devices including transistors, diodes, resistors,
capacitors, and other passive and active electronic devices formed on a semiconductor substrate
is typically a major factor considered during design, manufacture, and operation of those devices.
For example, during design and manufacture or forming of, metal oxide semiconductor (MOS)
transistor semiconductor devices, such as those used in a complementary metal oxide
semiconductor (CMOS), it is often desired to minimize the parasitic resistance associated with
contacts otherwise known as external resistance R.x. Decreased R.y enables higher current from

an equal transistor design.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] Figure 1A illustrates a MOS device configured with a boron doped germanium layer
between the source/drain layer and contact metals, in accordance with an embodiment of the
present invention.

[0004] Figure 1B illustrates a MOS device configured with a boron doped germanium layer
between the source/drain layer and contact metals, in accordance with another embodiment of
the present invention.

[0005] Figure 1C illustrates a MOS device configured with a boron doped germanium layer
between the source/drain layer and contact metals, in accordance with another embodiment of

the present invention.
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[0006] Figure 2 is a method for forming a transistor structure with low contact resistance in

accordance with an embodiment of the present invention.

[0007] Figures 3A to 31 illustrate structures that are formed when carrying out the methed of
Figure 2, in accordance with various embodiment of the present invention.
|0008] Figure 4 is a method for forming a transistor structure with low contact resistance in

accordance with another embodiment of the present invention.

|0009] Figures SA to SF illustrate structures that are formed when carrying out the method of

Figure 4, in accordance with various embodiment of the present invention.

[0010] Figure 6 shows a perspective view of a FinFET transistor architecture, configured in
accordance with one embodiment of the present invention.

[0011] Figure 7 shows a plot of a split lot showing contact resistance for transistor structures
configured with in accordance with embodiments of the present invention and standard transistor
structures configured with no cap.

[0012] Figure 8 illustrates a computing system implemented with one or more transistor
structures in accordance with an example embodiment of the present invention.

[0013] As will be appreciated, the figures are not necessarily drawn to scale or intended to
limit the claimed invention to the specific configurations shown. For instance, while some
figures generally indicate straight lines, right angles, and smooth surfaces, an actual
implementation of a transistor structure may have less than perfect straight lines, right angles,
and some features may have surface topology or otherwise be non-smooth, given real world
limitations of the processing equipment and techniques used. In short, the figures are provided

merely to show example structures.

DETAILED DESCRIPTION

[0014] Technmiques are disclosed for forming transistor devices having reduced parasitic
contact resistance relative to conventional devices. The techniques can be implemented, for
example, using a standard contact stack such as a series of metals on silicon or silicon
germanium (SiGe) source/drain regions. In accordance with one example such embodiment, an
mtermediate boron doped germanium layer is provided between the source/drain and contact

metals to significantly reduce contact resistance. Numerous transistor configurations and
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suitable fabrication processes will be apparent in light of this disclosure, including both planar
and non-planar transistor structures (e.g., FinFETs), as well as strained and unstrained channel
structures. The techniques are particularly well-suited for implementing p-type devices, but can

be used for n-type devices if so desired.
General Overview

j0015] As previously explained, increased drive current in the transistors can be achieved by
reducing device resistance. Contact resistance is one component of a device’s overall resistance.
A standard transistor contact stack typically includes, for example, a silicon or SiGe source/drain
layer, a nickel silicide layer, a titanium nitride adhesion layer, and a tungsten contact/pad. In
such configurations, the contact resistance is effectively limited by the silicon or SiGe valence
band alignment to the pinning level in the metal. Typically, using industry standard silicides
such as nickel (or other suitable silicides, such as titanium, cobalt, or platinum), this results in a
band misalignment of about 0.5 eV. Thus, and in accordance with an example embodiment of
the present invention, an intermediate boron doped germanium layer is provided between the
source/drain and contact metals to significantly reduce the band misalignment value and contact

resistance.

[0016] In one specific example embodiment, contacts configured with the intermediate boron
doped germanium layer exhibit a reduction in the band misalignment value to less than 0.2 eV
and a corresponding reduction in contact resistance of about 3X (relative to a conventional
contact stack similarly configured, but without the intermediate boron doped germanium layer
between the source/drain regions and contact metal). A transmission electron microscopy
(TEM) cross section or secondary ion mass spectrometry (SIMS) profile can be used to show the
germanium concentration throughout the vertical stack of the film structure, as profiles of
epitaxial alloys of silicon and SiGe can readily be distinguished from germanium concentration
profiles.

|0017] Thus, transistor structures configured in accordance with embodiments of the present
invention provide an improvement over conventional structures with respect to lower contact
resistance. Some such embodiments effectively marry superior contact properties of germanium
with superior semiconductor transistor properties of Si and SiGe to provide next generation low

resistance contacts.
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[0018] Numerous transistor configurations and suitable fabrication processes will be apparent
in light of this disclosure, including both planar and non-planar transistor structures (e.g., such as
double-gate and trigate transistor structures), as well as strained and unstrained channel
structures.  Any number of such structural features and material systems can be used in
conjunction with a germanium overlayer as described herein. The transistor structure may
include p-type source/drain regions, n-type source/drain regions, or both n-type and p-type
source/drain regions. In some example embodiments, the transistor structure includes dopant-
implanted source/drain regions or epitaxial (or poly) replacement source/drain regions of silicon,
SiGe alloys, or nominally pure germanium films (e.g., such as those with less than 10% silicon)
in a MOS structure. In any such implementations, an overlayer or cap of boron doped
germanium can be formed directly over the source/drain regions, in accordance with an
embodiment of the present invention. A contact metal (or series of metals) can then be deposited
and a subsequent reaction (annealing) can be carried out to form metal germanide source and
drain contacts. As will be appreciated, the contact may be implemented as a stack including one
or more of a silicide layer, an adhesion layer, and/or a metal pad layer. The boron doped
germanium overlayer can be formed directly over other parts of the transistor structure as well,
such as the poly gate and/or grounding tap regions, if so desired.

|0019] As is known, a MOS transistor may include source and drain tip regions that are
designed to decrease the overall resistance of the transistor while improving short channel effects
(SCE). Conventionally, these tip regions are portions of the substrate where a dopant such as
boron or carbon is implanted using an implant and diffusion technique. The source tip region is
formed in the area between the source region and the channel region. Likewise, the drain tip
region is formed in the area between the drain region and the channel region. Some
embodiments of the present invention are configured with such conventionally formed tip
regions. In other example embodiments, fabrication techniques are employed to extend self-
aligned epitaxial tip (SET) transistors to achieve very near to the theoretical limit of uniaxial
strain. This can be accomplished, for instance, by selective epitaxial deposition in the source and
drain regions as well as their corresponding tip regions to form a bilayer construction of boron
doped silicon or SiGe (for the source/drain regions) capped with an overlayer of a boron doped
germanium layer in the source/drain and respective tip regions. The germanium and boron

concentrations can vary, but in some example embodiments, the germanium concentration is in
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the range of 20 atomic % to 100 atomic %, and the boron concentration is in the range of 1E20
em™ to 2E21 cm3 (e.g., germanium concentration in excess of 50 atomic % and boron
concentration in excess of 2E20 cm=3). Note that the boron doped germanium layer may be
provided in the tip regions, but in other embodiments is just provided over the source/drain
regions (and not in the tip regions).

[0020] In still other example embodiments, an optional thin buffer with graded germanium
concentration and/or boron concentration can be used as an interfacial layer between the
underlying substrate with the source/drain layer (e.g., silicon or SiGe). Likewise, a thin buffer
with graded germanium concentration and/or boron concentration can be used as an interfacial
layer between the source/drain layer and the boron doped germanium cap. In still other
embodiments, the boron doped germanium overlayer or source/drain layer themselves can have a
graded germanium and/or boron concentration in a similar fashion as to the optional buffers. In
any such case, since boron diffusion is suppressed in germanium (the higher the concentration,
the greater the relative suppression), a high concentration of boron can be doped in the
germanium, which in turn results in lower parasitic resistance and without degrading tip
abruptness. In addition, the contact resistance is reduced from lowering of Schottky-barrier

height.

Architecture and Methodology

[0021] Figure 1A illustrates a MOS device 100A formed on a substrate 102 and configured
with a boron doped germanium layer between the source/drain layer and contact metals, in
accordance with an embodiment of the present invention. In particular, boron doped germanium
layer 117 is provided between the source layer 110 and contact metals 125, and boron doped
germanium layer 119 is provided between the drain layer 112 and contact metals 127. The
source region 110 and the drain region 112 can be formed using any number of conventional
techniques. In this example embodiment, for instance, the source region 110 and the drain
region 112 are formed by etching the substrate and then epitaxially depositing a silicon or silicon
germanium material (e.g., with a germanium concentration in the range of, for instance, 10 to 70
atomic %).

[0022] A gate stack 122 is formed over a channel region 120 of the transistor 100A. As can

further be seen, the gate stack 122 includes a gate dielectric layer 106 and a gate electrode 104,
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and spacers 108 are formed adjacent to the gate stack 122. In some example cases, and
depending on the technology node, the spacers 108 create a distance of about 10 to 20
nanometers (nm) between the edges of the gate dielectric layer 106 and the edges of each of the
source and drain regions 110/112. It is within this space that a source tip region 110A and a
drain tip region 112A can be formed. In this example embodiment, the tip regions 110A/112A
are formed via a typical implantation-diffusion based process, and overlap the spacers 108 and
may also overlap or underdiffuse the gate dielectric layer 106 by a distance of, for instance, less
than 10 nm. In forming the implantation-diffusion based tip regions 110A/112A, a dopant such
as boron or carbon is implanted into the source region 110 and the drain region 112. The
transistor 100A is then annealed to cause the dopant to diffuse towards the channel region 120.
Angled ion implantation techniques may also be used to further implant dopants into those areas
between the gate dielectric layer 106 and the source/drain regions 110/112. Such implantation-

diffusion-based tip formation processes generally do not induce a strain on the channel region.

[0023] In any case, and as will be appreciated in light of this disclosure, whether a transistor
structure has a strained or unstrained channel, or source-drain tip regions or no source-drain tip
regions, is not particularly relevant to various embodiments of the present invention, and such
embodiments are not intended to be limited to any particular such structural features. Rather,
any number of transistor structures and types can benefit from employing a boron doped
germanium overlayer as described herein. The techniques provided herein are compatible, for
instance, with conventional dopant implanted silicon, raised source/drain, strained SiGe (or other
suitable materials), and any deposited epitaxial tip (sometimes referred to as source-drain
extensions) that extend below the gate electrode dielectric or are spaced away from the vertical
line defined by the gate electrode dielectric.

10024] The germanium overlayer 117/119 is generally provided after formation of the
source/drain regions 110/112 and prior to formation of the contacts 125/127. The thickness of
this overlayer 117/119 can vary from one embodiment to the next, but in one example
embodiment is in the range of 50 to 250 Angstroms (A). The boron concentration of overlayer
117/119 can also vary, but in one example embodiment is in the range of 1E20 em3 to 2E21 e
3 (e.g.. in excess of 2E20 cm3). The overlayer 117/119 can be selectively deposited over the
source/drain 110/112 regions (and/or other regions as desired, such as the poly gate or grounding

tap regions). Any number of suitable deposition techniques can be used to provide the overlayer
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117/119 (e.g., chemical vapor deposition, molecular beam epitaxy, etc). In accordance with one
example embodiment, the contact metals 125 and 127 each comprise a stack a nickel silicide
layer, a titamum nitride adhesion layer, and a tungsten contact/pad, and although any number of
contact metal configurations can be used as will be appreciated in light of this disclosure.

Standard deposition techniques can be used in providing the contact metals 125/127.

10025] Figure IB illustrates an example MOS device 100B formed on a substrate 102 and
configured with a boron doped germanium layer 117/119 between the source/drain layer 110/112
and contact metals 125/127, in accordanée with another embodiment of the present invention.
This example configuration includes source and drain epitaxial tips (generally referred to herein
as epi-tips). In more detail, the MOS transistor 100B uses an undercut etch to allow the source
region 110 and the drain region 112 to extend below the spacers 108, and in some cases, below
the gate dielectric layer 106. The portions of the source/drain regions 110/112 that extend below
the spacers 108 (and possibly the gate dielectric layer 106) are generally referred to as the source
epi-tip 110B and the drain epi-tip 112B, respectively. The source and drain epi-tips 110B/112B
replace the implantation/diffusion based tip regions 110A/112A described with regard to Figure
1A. In accordance with one embodiment, the source/drain regions 110/112 and the source/drain
epi-tips 110B/112B can be formed, for example, by etching the substrate 102, which includes
undercutting the spacers 108 (and possibly the gate dielectric layer 106), and then using selective
epitaxial deposition to provide, for instance, an in situ doped silicon, germanium, or SiGe to fill
the source/drain regions 110/112 and the source/drain epi-tips 110B/112B, as shown in Figure
1B. Note the epitaxial fill may be raised relative to the surface of substrate 102, as further shown
in Figure 1B, although non-raised configurations can be used as well. The germanium overlayer
117/119 and the contact metals 125/127 can be implemented, for instance, as previously
described with respect to Figure 1A.

[0026] Figure 1C illustrates a MOS device 100C formed on a substrate 102 and configured
with boron doped germanium layers 117/119 between the respective source/drain layers 110/112
and contact metals 125/127, in accordance with another embodiment of the present invention.
The source region 110 and the drain region 112 in this example embodiment are formed by
implanting dopants such as boron into the substrate. The gate stack 122 is formed over a channel
region 120 of the transistor 100C and is this example case does not include sidewalls 108. Nor

does this example transistor structure include an undercut or tip regions like the embodiments
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shown in Figures 1A and 1B. The germanium overlayer 117/119 and the contact metals 125/127

can be implemented, for instance, as previously described with respect to Figure 1A.

[0027] Numerous other variations and features can be implemented for transistor structures
configured in accordance with an embodiment of the present invention. For example, a graded
buffer may be used in one or more locations of the structure. For instance, the substrate 102 can
be a silicon substrate, or a silicon film of a silicon on insulator (SOI) substrate, or a multi-layered
substrate comprising silicon, silicon germanium, germanium, and/or IlI-V compound
semiconductors. Thus, and by way of example, in an embodiment having a silicon or silicon
germanium substrate 102 and an in situ boron doped SiGe fill in the source/drain regions
110/112 and the source/drain epi-tips 110B/112B, a buffer can be provided between the
underlying substrate 102 and the source/drain material. In one such embodiment, the buffer can
be a graded boron doped (or intrinsic) silicon germanium layer with the germanium
concentration graded from a base level compatible with the underlying substrate up to 100
atomic % (or near 100 atomnic %, such as in excess of 90 atomic % or 95 atomic % or 98 atomic
%). The boron concentration within this buffer can be either fixed (e.g., at a high level) or
graded, for instance, from a base concentration at or otherwise compatible with the underlying
substrate up to a desired high concentration (e.g., in excess of 2E20 c¢m-3). Note that
‘compatibility’ as used herein does not necessitate an overlap in concentration levels (for
instance, the germanium concentration of underlying substrate can be 0 to 20 atomic % and
initial germanium concentration of the buffer can be 30 to 40 atomic %). In addition, as used
herein, the term ‘fixed’ with respect to a concentration level is intended to indicate a relatively
constant concentration level (e.g., the lowest concentration level in the layer is within 10% of the
highest concentration level within that layer). In a more general sense, a fixed concentration
level is intended to indicate the lack of an intentionally graded concentration level. The
thickness of the buffer can vary depending on factors such as the range of concentrations being
buffered, but in some embodiments is in the range of 30 to 120 A, such as 50 to 100 A (e.g., 60
A or 65 A). As will be further appreciated in light of this disclosure, such a graded buffer
beneficially lowers the Schottky-barrier height.

10028] Alternatively, rather than using a thin buffer between the substrate 102 and the
source/drain regions 110/112 and the source/drain epi-tips 110B/112B, the source/drain material

itself can be graded in a similar fashion. For example, and in accordance with one example
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embodiment, boron doped SiGe source/drain regions 110/112 and the source/drain epi-tips
110B/112B can be configured with a germanium concentration graded from a base level
concentration compatible with the underlying substrate (e.g., in the range of 30 to 70 atomic %)
up to 100 atomic %. In some such embodiments, the boron concentration within this boron
doped germanium layer can range, for example, from a base concentration at or otherwise
compatible with the underlying substrate up to a desired high concentration (e.g., in excess of

2E20 cm™3).

[0029] In other embodiments, a buffer can be provided between the source/drain material and
the boron doped germanium overlayer 117/119. In one such embodiment, the source/drain
material is a boron doped SiGe layer having a fixed concentration of germanium (e.g., in the
range of 30 to 70 atomic %) and the buffer can be a thin SiGe layer {e.g., 30 to 120 A, such as 50
to 100 A) having a germanium concentration graded from a base level concentration compatible
with the underlying boron doped SiGe. layer up to 100 atomic % (or near 100 atomic %, such as
in excess of 90 atomic % or 95 atomic % or 98 atomic %). In some such cases, the boron
concentration within this buffer can be fixed at a desired high level or can range, for example,
from a base concentration at or otherwise compatible with the underlying SiGe layer up to the
desired high concentration (e.g., in excess of 1E20 cm=3, 2E20 cm™3, or 3E20 cm3).
Altemnatively, rather than using a buffer between the source/drain material and the boron doped
germanium overlayer 117/119, the overlayer 117/119 itself can be graded in a similar fashion.
For example, and in accordance with one example embodiment, the boron doped overlayer
117/119 can be configured with a germanium concentration graded from a base level
concentration compatible with the underlying substrate and/or source/drain regions (e.g., in the
range of 30 to 70 atomic %) up to 100 atomic % (or near 100 atomic %). The boron
concentration within this overlayer 117/119 layer can be fixed at a desired high level or can
range, for example, from a base concentration at or otherwise compatible with the underlying

substrate and/or source/drain regions up to the desired high level (e.g., in excess of 2E20 cm-3).

[0030] Thus, a low contact resistance architecture for numerous transistor devices is provided.
The devices may be formed in part using any number of conventional processes such as, for
example, by gate oxide, poly gate electrode, thin spacer, and an isotropic undercut etch in the
source/drain regions (or an ammonia etch to form faceted fin recess in monocrystalline substrate,
or other suitable etch to form fin recess). In accordance with some embodiments, selective
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epitaxial deposition can be used to provide in situ doped silicon or alternatively, a fully strained
stlicon germanium layer to form source/drain regions with or without tips. Optional buffers may
be used as previously explained. Any suitable high-k replacement metal gate (RMG) process
flow can also be used, where a high-k dielectric replaces the conventional gate oxide.
Silicidation with, for example, nickel, nickel-platinum, or titanium with or without germanium
pre-amorphization implants can be used to form a low resistance germanide. The techniques
provided herein can be applied, for example, to benefit any technology nodes (e.g., 90nm, 65nm,
45nm, 32nm, 22nm, 14nm, and 10nm transistors, and lower), and the claimed invention 1s not
intended to be limited to any particular such nodes or range of device geometries. Other

advantages will be apparent in light of this disclosure.

[0031] Figure 2 is a method for forming a transistor structure with low contact resistance in
accordance with an embodiment of the present invention. Figures 3A through 3I illustrate
example structures that are formed as the method is carried out, and in accordance with some

embodiments.

[0032] As can be seen, the method begins with forming 202 a gate stack on a semiconductor
substrate upon which a MOS device, such as a PMOS transistor, may be formed. The
semiconductor substrate may be implemented, for example, with a bulk silicon or a stlicon-on-
insulator configuration. In other implementations, the semiconductor substrate may be formed
using alternate materials, which may or may not be combined with silicon, such as germanium,
silicon germanium, indium antimonide, lead telluride, indium arsemide, indium phosphide,
gallium arsenide, or gallium antimonide. In a more general sense, any material that may serve as
a foundation upon which a semiconductor device may be built can be used in accordance with
embodiments of the present invention. The gate stack can be formed as conventionaily done or
using any suitable custom techniques. In some embodiments of the present invention, the gate
stack may be formed by depositing and then patterning a gate dielectric layer and a gate
electrode layer. For instance, in one example case, a gate dielectric layer may be blanket
deposited onto the semiconductor substrate using conventional deposition processes such as
chemical vapor deposition (CVD), atomic layer deposition (ALD), spin-on deposition (SOD), or
physical vapor deposition (PVD). Alternate deposition techniques may be used as well, for
nstance, the gate dielectric layer may be thermally grown. The gate dielectric material may be

formed, for example, from materials such as silicon dioxide or high-k dielectric materials.
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Examples of high-k gate dielectric materials include, for instance, hafnium oxide, hafnium
silicon oxide, lanthanum oxide, lanthanum aluminum oxide, zirconium oxide, zirconium silicon
oxide, tantalum oxide, titanium oxide, barium strontium titanium oxide, barium titanium oxide,
strontium titanium oxide, yttrium oxide, aluminum oxide, lead scandium tantalum oxide, and
lead zinc niobate. In some specific example embodiments, the high-k gate dielectric layer may
be between around 5 A to around 200 A thick (e.g.. 20 A to 50 A). In general, the thickness of
the gate dielectric layer should be sufficient to electrically isolate the gate electrode from the
neighboring source and drain contacts. In further embodiments, additional processing may be
performed on the high-k gate dielectric layer, such as an annealing process to improve the quality
of the high-k material. Next, a gate electrode material may be deposited on the gate dielectric
layer using similar deposition techniques such as ALD, CVD, or PVD. In some such specific
embodiments, the gate electrode material is polysilicon or a metal layer, although other suitable
gate electrode materials can be used as well. The gate electrode material, which is may be a
sacrificial material that is later removed for a replacement metal gate (RMG) process, has a
thickness in the range of 50A to 500A (e.g, 100A), in some example embodiments. A
conventional patterning process may then be carried out to etch away portions of the gate
electrode layer and the gate dielectric layer to form the gate stack, as shown in Figure 3A. As
can be seen, Figure 3A illustrates a substrate 300 upon which a gate stack is formed. In this
example embodiment, the gate stack includes a gate dielectric layer 302 ((vhich may be high-k
gate dielectric material) and a sacrificial gate electrode 304. In one specific example case, the
gate stack includes a silicon dioxide gate dielectric layer 302 and a polysilicon gate electrode
304. The gate stack may also include a gate hard mask layer 306 that provides certain benefits or
uses during processing, such as protecting the gate electrode 304 from subsequent ion
implantation processes. The hard mask layer 306 may be formed using typical hard mask
materials, such as such as silicon dioxide, silicon nitride, and/or other conventional dielectric
materials. Figure 3A further illustrates spacers 310 formed on either side of the stack. The
spacers 310 may be formed, for example, using conventional materials such as silicon oxide,
silicon nitride, or other suitable spacer materials. The width of the spacers 310 may generally be
chosen based on design requirements for the transistor being formed. In accordance with some

embodiments, however, the width of the spacers 310 is not subject to design constraints imposed
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by the formation of the source and drain epi-tips, given sufficiently high boron doped germanium

content in the source/drain tip regions, as described herein (boron won’t diffuse into channel).

[0033]  With further reference to Figure 2, after the gate stack is formed, the method continues
with defining 204 the source/drain regions of the transistor structure. As previously explained,
the source/drain regions can be implemented with any number of suitable processes and
configurations. For example, the source/drain regions may be implanted, etched and epi filled,
raised, silicon or SiGe alloy, p-type and/or n-type, and have a planar or fin shaped diffusion
region. In the example embodiment shown in Figure 3A, substrate 300 has been etched to
provide cavities 312/314 as well as respective tip areas 312A/314A which undercuts the gate
dielectric 302. Figure 3B illustrates the substrate 300 after cavities 312/314 and tip areas
312A/314A have been filled to provide the source/drain regions 318/320 and tip regions
318A/320A. In accordance with some example embodiments, the source and drain region
cavities 312/314 along with their pespective tip areas 312A/314A are filled with in situ doped
silicon or SiGe, thereby forming source region 318 (along with epi-tip 318A) and drain region
320 (along with drain epi-tip 320A). Any number of source/drain layer configurations can be
used here, with respect to materials (e.g., silicon, SiGe, 11I-V materials), dopant (e.g., boron in
excess of 2E21 cm3, or other suitable dopant/concentration), and dimension (e.g.. thickness of
source/drain layer may range, for instance, from 50 to 500 nm so as to provide a flush or raised

source/drain region).

[0034] As previously explained, some such embodiments may include with a thin buffer
between the source/drain layer and the substrate or the source/drain and boron doped germanium
overlayer. For instance, and as can further be seen in the example embodiment shown in Figure
3B, a source buffer 313 and a drain buffer 315 are deposited prior to depositing the source/drain
materials. In some embodiments, the buffers 313 and 315 can be a graded boron doped silicon
germanium layer with the germanium composition graded from a base level concentration
compatible with the underlying substrate 300 material up to 100 atomic % (or near to 100 atomic
% as previously described). The boron concentration can be appropriately graded as well.
Numerous buffer schemes will be apparent in light of this disclosure.

[0035] With further reference to Figure 2, after the source/drain regions are defined, the
method continues with depositing 206 boron doped germanium on the source/drain regions of
the transistor structure. Figure 3C shows the boron doped germanium layer 317/319. In some
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example embodiments, the boron doped germanium layer 317/319, which may be epitaxially
deposited in one or more layers, has a germanium concentration in excess of 90 atomic %,
although other suitable concentration levels can be used as will be appreciated in light of this
disclosure (e.g., in excess of 91 atomic %, or 92 atomic %, ..., or 98 atomic %, or 99 atomic %,
or truly pure germanium). As previously explained, this germanium concentration may be fixed
or graded so as to increase from a base level (near substrate 300) to a high level (e.g., in excess
of 90 atomic %). The boron concentration in some such embodiments can be in excess of 1E20
em-3, such as higher than 2E20 cm=3 or 2E21 em-3, and may also be graded so as to increase
from a base level near substrate 300 to a high level (e.g., in excess of 1E20 cm™3 or 2E20 cor3 or
3E20 cm3, ..., 2E21 cm3). In embodiments where the germanium concentration of the
underlying source/drain regions 318/320 is fixed or otherwise relatively low, a graded buffer
may be used to better interface source/drain regions 318/320 with the boron doped germanium
layer 317/319, as previously explained. The thickness of the boron doped germanium cap
317/319 may have a thickness in the range, for example, of 50 to 250 A, in accordance with
some specific example embodiments, although alternative embodiments may have other layer

thicknesses, as will be apparent in light of this disclosure.

[0036] In some embodiments, a CVD process or other suitable deposition technique may be
used for the depositing 206 or otherwise forming the boron doped germanium layer 317/319.
For example, the depositing 206 may be carried out in a CVD, or rapid thermal CVD (RT—C VD),
or low pressure CVD (LP-CVD), or ultra-high vacuum CVD (UHV-CVD), or gas source
molecular beam epitaxy (GS-MBE) tool using germanium and boron containing precursors such
as germane (GeH,) or digermane (Ge;H;) and diborane (B»Hg) or boron difluoride (BF3). In
some such embodiments, there may be a carrier gas such as, for instance, hydrogen, nitrogen, or
anoble pas (e.g., precursor is diluted at 1-5% concentration of carrier gas). There may also be an
etchant gas such as, for example, halogen-based gas such as hydrogen chloride (HCl), chlorine
(CI), or, hydrogen bromide (HBr). The basic deposition of germanium and also boron doped
germanium is possible over a wide range of conditions using deposition temperature in the range,
for example, of 300°C to 800°C (e.g., 300-500°C) and reactor pressure, for instance, in the range
1 Torr to 760 Torr. Germanium is naturally selective in that it deposits on silicon or silicon-
germanium alloy, and does not deposit on other materials such as silicon dioxide and silicon

nitride. Since this natural selectivity is not entirely perfect, a small flow of etchant can be used

Docket # P38507PCT 13

Page 1311 of 1640



WO 2012/087403 PCT/US2011/054198

to increase the selectivity of the deposition, as previously noted. Each of the carrier and etchants
can have a flow in the range of 10 and 300 SCCM (typically, no more than 100 SCCM of flow is
required, but some embodiments may require higher flow rates). In one specific example
embodiment, the deposition 206 is carried out using GeH, that is diluted in hydrogen at a 1%
concentration and at a flow rate that ranges between 100 and 1000 SCCM. For an in situ doping
of boron, diluted B;Hg may be used (e.g., the B,Hg may be diluted in H; at 3% concentration and
at a flow rate that ranges between 100 and 600 SCCM. In some such specific example cases, an
etching agent of HCl or Cl; is added at a flow rate that ranges, for example, between 10 and 100

SCCM, to increase the selectivity of the deposition.

[0037] As will be appreciated in light of this disclosure, the selectivity at which the boron
doped germanium layer 317/319 is deposited can vary as desired. In some cases, for instance,
the boron doped germanium layer 317/319 is deposited only on the source/drain regions 318/320
or a portion of the source/drain regions 318/320 (rather than across the entire structure). Any
number of masking/patterning techniques can be used to selectively deposit layer 317/319.
Moreover, other embodiments may benefit from layer 317/319 covering, for example, poly gate
regions or grounding tap regions. As will further be appreciated in light of this disclosure, the
combination of high germanium concentration (e.g., in excess of 90 atomic % and up to pure
germanium) and high boron concentration (c.g., in excess of 2E20 cm-3) can be used to realize
significantly lower contact resistance in the source and drain regions (and other areas where low
contact resistance is desirable, such as ground tap regions), in accordance with some example
embodiments. Further, and as previously explained, since boron diffusion is sufficiently
suppressed by pure germanium, no adverse SCE degradation is realized with subsequent thermal
anneals despite any high boron concentration proximate the channel (if applicable). Barrier
height lowering is also enabled from the higher concentration of germanium at the contact
surface. In some example embodiments, a germanium concentration in excess of 95 atomic %
and up to pure germanium (100 atomic %) can be used to achieve such benefits.

|0038] With further reference to Figure 2, after the boron doped germanium layer 317/319 is
provided, the method continues with depositing 208 a dielectric over layer 317/319. Figure 3D
shows dielectric 322 as being flush with the hard mask 306 of the gate stack, but it need not be.
The dielectric can be configured in a number of ways. In some embodiments, dielectric 322 is

implemented with silicon dioxide (Si0;) or other low-k dielectric materials. In other
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embodiments, dielectric 322 is implemented with a silicon nitride (SiN) liner followed by one or
more layers of SiO,, or any combination of nitride, oxide, oxynitride, carbide, oxycarbide, or
other suitable dielectric materials). The dielectric 322, which may be referred to as an interlayer
dielectric (ILD), may be planarized as commonly done. Other example dielectric materials
include, for instance, carbon doped oxide {CDO), organic polymers such as perfluorocyclobutane
or polytetrafluoroethylene, fluorosilicate glass (FSG), and organosilicates such as silsesquioxane,
siloxane, or organosilicate glass. In some example configurations, the 1LD layer may include

pores or other voids to further reduce its dielectric constant.

[0039] Next, in some embodiments of the present invention where a replacement metal gate
(RMG) process is used and as best shown in Figure 3E, the method may further include
removing the gate stack (including the high-k gate dielectric layer 302, the sacrificial gate
electrode 304, and the hard mask layer 306) using an etching process as conventionally done. In
altemate implementations, only the sacrificial gate 304 and hard mask layer 306 are removed.
Figure 3E illustrates the trench opening that is formed when the gate stack is etched away, in
accordance with one such embodiment. If the gate dielectric layer is removed, the method may
continue with depositing a new gate dielectric layer into the trench opening (designated as 324 in
Figure 3F). Any suitable high-k dielectric materials such as those previously described may be
used here, such as hafnium oxide. The same deposition processes may also be used.
Replacement of the gate dielectric layer may be used, for example, to address any damage that
may have occurred to the original gate dielectric layer during application of the dry and wet etch
processes, and/or to replace a low-k or sacrificial dielectric material with a high-k or otherwise
desired gate dielectric material. As further shown in Figure 3F, the method may further continue
with depositing the metal gate electrode layer 326 into the trench and over the gate dielectric
layer 324, Conventional metal deposition processes may be used to form the metal gate
electrode layer, such as CVD, ALD, PVD, electroless plating, or electroplating. The metal gate
electrode layer may include, for example, a P-type workfunction metal, such as ruthenium,
palladium, platinum, cobali, nickel, and conductive metal oxides, e.g., ruthenium oxide. In some
example configurations, two or more metal gate electrode layers may be deposited. For instance,
a workfunction metal may be deposited in the gate trench followed by a suitable metal gate

electrode fill metal such as aluminum or silver.
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[0040] With further reference to Figure 2, after dielectric layer 322 is provided over layer
317/319 (and any desired RMG process), the method continues with etching 210 to form the
source/drain contact trenches. Any suitable dry and/or wet etch processes can be used. Figure
3G shows the source/drain contact trenches after etching is complete, in accordance with one
example embodiment. The method then continues with depositing 212 contact resistance
reducing metal and annealing to form silicide/germanide, and then depositing 214 the
source/drain contact plugs. Figure 3H shows the contact metals 325/327, which in some
embodiments includes the silicide/germanide, although other embodiments may include
additional layers (e.g., adhesion layer). Figure 31 shows the contact plug metal 329/331, which
in some embodiments includes aluminum, although any suitably conductive contact metal or
alloy can be used for the contact plug 329/331, such as silver, nickel-platinum or nickel-
aluminum or other alloys of nickel and aluminum, or titanium, using conventional deposition
processes. The germanide/metalization 212 of the source and drain contacts can be carried out,
for instance, by silicidation with nickel, aluminum, nickel-platinum or nickel-aluminum or other
alloys of nickel and aluminum, or titanium with or without germanium pre-amorphization
implants to form a low resistance germanide. The boron doped germanium layer 317/319 allows
for metal-germanide formation (e.g., nickel-germanium). The germanide allows for significantly
lower Schottky-barrier height and improved contact resistance (including Rex) over that in
conventional metal-silicide systems. For instance, conventional transistors typically use a
source/drain SiGe epi process, with germanium concentration in the range of 30-40 atomic %.
Such conventional systems exhibit R., values of about 140 Ohm*um, limited by epi/silicide
interfacial resistance, which is high and may impede future gate pitch scaling. Some
embodiments of the present invention allow for a significant improvement in R., in PMOS
devices (e.g., about a 2x improvement or better, such as a R of about 70 Ohm*um), which can
better support PMOS device scaling. Thus, transistors having a source/drain configured with
boron doped germanium cap 317/319 in accordance with an embodiment of the present, with a
boron concentration in excess of 1E20 cm-3 and a germanium concentration in excess of 90
atomic % and up to or otherwise near pure germanium (100 atomic %) at the interface between
the source/drain regions 318/320 and the contact metals 325/327, can exhibit Ry values of less
than 100 Ohm*um, and in some cases less than 90 Ohm*um, and in some cases less than 80

Ohm*um, and in some cases less than 75 Ohm*um, or lower.
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[0041] Figure 4 is a method for forming a transistor structure with low contact resistance in
accordance with another embodiment of the present invention. Figures 5A through SF illustrate
example structures that are formed as the method is carried out, and in accordance with some
embodiments. In general, this method is similar to the method described with reference to
Figures 2 and 3A-H, except that the deposition of the boron doped germanium layer 317/319 on
the source/drain regions is carried out after the dielectric 322 is deposited and etched to form the
‘ contact trench. Thus, the method includes depositing 406 the dielectric 322 directly over the
source/drain regions 318/320, and then continues with etching 408 to form the source/drain
contact trench and then selectively deposting 410 the boron doped germanium layer 317/319 into
the trench (and directly onto the source/drain regions 318/320), as best shown in Figures 5C
through SE. Deposting 410 can be carried out using any suitable deposition process, such as
selective epitaxy. Once layer 317/319 is provided, the contact metals 325/327 can be provided
on top of the layer 317/319, as shown in Figure 5F. This alternate methodology provides the
same benefit of improved contact resistance, but is more selective in where the boron doped
germanium is deposited. Other such selective deposition processes will be apparent in light of
this disclosure, using any suitable combination of masking/patterning and selective deposition

techniques.

10042}  As will be further appreciated, the previous relevant discussion with respect to similar
parts of the method is equally applicable here. In particular, forming 402 a gate stack and
defining 404 the source/drain regions of the transistor structure can be carried as previously
discussed with reference to the forming 202 and defining 204 previously discussed with
reference to Figure 2. Likewise, depositing 412 contact resistance reducing metal and annealing
to form silicide/germanide, and then depositing 414 the source/drain contact plugs can be carried
as previously discussed with reference to the forming 212 and defining 214 previously discussed

with reference to Figure 2.

FinFET Configuration

[0043] As is known, FInFET is a transistor built around a thin strip of semiconductor material
(generally referred to as the fin). The transistor includes the standard field effect transistor (FET)
nodes, including a gate, a gate dielectric, a source region, and a drain region. The conductive
channel of the device resides on the outer sides of the fin beneath the gate dielectric.

Specifically, current runs along both sidewalls of the fin (sides perpendicular to the substrate
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surface) as well as along the top of the fin (side parallel to the substrate surface). Because the
conductive channel of such configurations essentially resides along the three different outer,
planar regions of the fin, such a FInFET design is sometimes referred to as a tri-gate FInFET.
Other types of FInFET configurations are also available, such as so-called double-gate FinFETs,
in which the conductive channel principally resides only along the two sidewalls of the fin (and

not along the top of the fin).

[0044] Figure 6 shows a perspective view of an example tri-gate architecture, configured in
accordance with one embodiment of the present invention. As can be seen, the tri-gate device
includes a substrate 600 having a semiconductor body or fin 660 (represented by dashed lines)
extending from the substrate 600 through isolation regions 610, 620. A gate electrode 640 is
formed over 3 surfaces of the fin 660 to form 3 gates. A hard mask 690 is formed on top of the
gate electrode 640. Gate spacers 670, 630 are formed at opposite sidewalls of the gate electrode
640.

[0045] A source region comprises the epitaxial region 631 formed on a recessed source
interface 650 and on one fin 660 sidewall, and a drain region comprises the epitaxial region 631
formed on a recessed source interface 650 and on the opposing fin 660 sidewall (not shown). A
cap layer 641 is deposited over the epitaxial regions 631. Note that the boron cap layer 641 may
be provided in the recessed (tip) regions, but in other embodiments is just provided over the
source/drain regions (and not in the recessed regions). In one embodiment, the isolation regions
610, 620 are shallow trench isolation (STI) regions formed using conventional techniques, such
as etching the substrate 600 to form trenches, and then depositing oxide material onto the
trenches to form the STI regions. The isolation regions 610, 620 can be made from any suitable
dielectric/insulative material, such as Si0». The previous discussion with respect to the substrate
102 is equally applicable here (e.g., substrate 600 may be a silicon substrate, or SOI substrate, or
a mulu-layered substrate).

10046] As will be appreciated in light of this disclosure, conventional processes and forming
techniques can be used to fabricate the FInFET transistor structure. However, and in accordance
with one example embodiment of the present invention, the bilayer structure of the epitaxial
region 631 and cap layer 641 can be implemented, for instance, using an in situ doped silicon or
SiGe (for 631) capped with a boron doped germanium (for 641), with an optional germanium
and/or boron graded buffer between the two bilayers. As previously explained, such a buffer
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may be used to transition from a base level germanium/boron concentration compatible with the
epitaxial region 631 to the boron doped germanium cap 641. Alternatively, germanium and/or
boron concentration grading can be implemented directly in the epitaxial region 631 and/or the
cap 641, rather than in an intervening graded buffer arrangement. As will further be appreciated,
note that an alternative to the tri-gate configuration is a double-gate architecture, which includes

a dielectric/isolation layer on top of the fin 660.

[0047] Figure 7 shows a plot of a split lot showing contact resistance for transistor structures
configured with in accordance with embodiments of the present invention and standard transistor
suuctures configured with no cap. The transistor structures associated with the high resistance
numbers in excess of 0.18 are all implemented with standard SiGe alloy raised PMOS
source/drain regions with contact metal deposited directly thereon. The transistor structures
associated with the resistance numbers of 0.107 and lower are all similarly implemented but with
the addition a boron doped germanium cap between the source/drain regions and contact metal,
in accordance with various embodiments of the present invention. Table 1 shows the raw data
quantiles resulting from testing of the example structures with and without a boron doped

germanium cap as described herein.

Ge Cap | Min 10% 25% Median 75% | 90% | Max

Yes 0.032 | 0.032 | 0.033 0.040 0.078 | 0.105 | 0.107

No 0.183 | 0.183 | 0.192 0.239 0.250 | 0.265 | 0.265

Table 1

As can be seen, this example lot actually shows an improvement (reduction) in contact resistance
of about a three to six times (3X to 6X) over conventional transistor structures. The units are
Ohms per arbitrary area.

[0048] Other improvements enabled by using a boron doped germanium cap in accordance
with an embodiment of the present invention will be apparent in light of this disclosure. In
particular, the resulting germanide materials and Schottky barrier height improvement enables
more than a 2x R.x improvement over that in conventional SiGe source/drain PMOS devices, in
accordance with some example embodiments of the present invention. As is known, the
Schottky barrier height is the barrier for electrical conduction across a semiconductor-metal

junction. The magnitude of the Schottky barrier height reflects a mismatch in the energy position
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of the metal’s Fermi level and the majority carrier band edge of the semiconductor across the
semiconductor-metal interface. For a p-type semiconductor-metal interface, the Schottky barrier
height is the difference between the metal Fermi level and the valence band maximum of the

semiconductor.

Example System

[0049] Figure 8 illustrates a computing device 1000 configured in accordance with one
embodiment of the invention. As can be seen, the computing device 1000 houses a motherboard
1002. The motherboard 1002 may include a number of components, including but not limited to
a processor 1004 and at least one communication chip 1006, each of which can be physically and
electrically coupled to the motherboard 1002, or otherwise integrated therein. As will be
appreciated, the motherboard 1002 may be, for example, any printed circuit board, whether a
matin board or a daughterboard mounted on a main board or the only board of device 1000, etc.
Depending on its applications, computing device 1000 may include one or more other
components that may or may not be physically and electrically coupled to the motherboard 1002.
These other components may include, but are not limited to, volatile memory (e.g., DRAM),
non-volatile memory (e.g., ROM), a graphics processor, a digital signal processor. a crypto
processor, a chipset, an antenna, a display, a touchscreen display, a touchscreen controller, a
battery, an audio codec, a video codec, a power amplifier, a global positioning system (GPS)
device, a compass, an accelerometer, a gyroscope, a speaker, a camera, and a mass storage
device (such as hard disk drive, compact disk (CD), digital versatile disk (DVD), and so forth).
Any of the components included in computing device 1000 may include one or more transistor
structures as described herein. In some embodiments, multiple functions can be integrated into
one or more chips (e.g., for instance, note that the communication chip 1006 can be part of or
otherwise integrated into the processor 1004).

[0050] The communication chip 1006 enables wireless communications for the transfer of data
to and from the computing device 1000. The term “wireless” and its derivatives may be used to
describe circuits, devices, systems, methods, techniques, communications channels, etc., that
may communicate data through the use of modulated electromagnetic radiation through a non-
solid medium. The term does not imply that the associated devices do not contain any wires,
although in some embodiments they might not. The communication chip 1006 may implement
any of a number of wireless standards or protocols, including but not limited to Wi-Fi (IEEE
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802.11 family), WiMAX (IEEE 802.16 family), IEEE 80220, long term evolution (LTE), Ev-
DO, HSPA+, HSDPA+, HSUPA+, EDGE, GSM, GPRS, CDMA, TDMA, DECT, Bluetooth,
derivatives thereof, as well as any other wireless protocols that are designated as 3G, 4G, SG,
and beyond. The computing device 1000 may include a plurality of communication chips 1006.
For instance, a first communication chip 1006 may be dedicated to shorter range wireless
communications such as Wi-Fi and Bluetooth and a second communication chip 1006 may be
dedicated to longer range wireless communications such as GPS, EDGE, GPRS, CDMA,
WIMAX, LTE, Ev-DO, and others.

[0051] The processor 1004 of the computing device 1000 includes an integrated circuit die
packaged within the processor 1004. In some embodiments of the present invention, the
integrated circuit die of the processor includes an onboard non-volatile memory or cache, and/or
is otherwise communicatively coupled to off-chip memory that is implemented with one or more
transistor structures as described herein. The term “processor” may refer to any device or
portion of a device that processes, for instance, electronic data from registers and/or memory to
transform that electronic data into other electronic data that may be stored in registers and/or

memory.

[0052] The communication chip 1006 may also include an integrated circuit die packaged
within the communication chip 1006. In accordance with some such example embodiments, the
integrated circuit die of the communication chip includes one or more devices implemented with
one or more transistor structures as described herein. As will be appreciated in light of this
disclosure, note that multi-standard wireless capability may be integrated directly into the
processor 1004 (e.g., where functionality of any chips 1006 is integrated into processor 1004,
rather than having separate communication chips). Further note that processor 1004 may be a
chip set having such wireless capability. In short, any number of processor 1004 and/or
communication chips 1006 can be used. Likewise, any one chip or chip set can have multiple

functions integrated therein.

[00S3] In various implementations, the computing device 1000 may be a laptop, a netbook, a
notebook, a smartphone, a tablet, a personal digital assistant (PDA), an ultra mobile PC, a mobile
phone, a desktop computer, a server, a printer, a scanner, a monitor, a set-top box, an

entertainment control unit, a digital camera, a portable music player, or a digital video recorder.
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In further implementations, the device 1000 may be any other electronic device that processes

data or employs transistors.

|0054] Numerous embodiments will be apparent in light of this disclosure, and features
described herein can be combined in any number of configurations. One example embodiment
of the present invention provides a transistor device. The device includes a substrate having a
channel region, and a gate electrode above the channel region. A gate dielectric layer is provided
between the gate electrode and the channel region, and source and drain regions are provided in
the substrate and adjacent to the channel region. The device further includes a boron doped
germanium layer on at least a portion of the source and drain regions, This boron doped
germanium layer comprises a germanium concentration in excess of 90 atomic % and a boron
concentration in excess of 1E20 cm3. The device further includes metal-germanide source and
drain contacts on the boron doped germanium layer. In one such example, the device is one of a
planar or FInFET transistor. In another example case, the device comprises a PMOS transistor.
In another example case, the device further includes an interlayer dielectric. In another example
case, the device further includes a graded buffer between the substrate and the source and drain
regions and/or a graded buffer between the source and drain regions and the boron doped
germanium layer. In one such case, the graded buffer between the source and drain regions and
the boron doped germanium layer has a germanium concentration that is graded from a base
level concentration compatible with the source and drain regions to a high concentration in
excess of 95 atomic %. In one such specific example case, the high concentration reflects pure
germanium. In another example case, the graded buffer between the source and drain regions and
the boron doped germanium layer has a boron concentration that is graded from a base level
concentration compatible with the source and drain regions to a high concentration in excess of
{E20 cm}. In another example case, the boron doped germanium layer has a graded
concentration of at least one of germanium and boron. In another example case, the source and
drain regions comprise silicon germanium having a germanium concentration that is graded from
a base level concentration compatible with the substrate to a high concentration in excess of 50
atomic %, and the boron doped germanium layer has a germanium concentration in excess of 95
atomic %. In another example case, the source and drain regions comprise boron doped silicon
germanium having a boron concentration that is graded from a base level concentration

compatible with the substrate to a high concentration in excess of 1E20 cm™*. In another
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example case, the source and drain regions comprise silicon or silicon germanium, and the
device further comprises a buffer between the source and drain regions and the boron doped
germanium layer, the buffer having a germanium concentration that is graded from a base level
concentration compatible with the source and drain regions to a high concentration in excess of
50 atomic %, and a boron concentration that is graded from a base level concentration
compatible with the source and drain regions to a high concentration in excess of 1E20 cm™. In
another example case, the boron doped germanium layer comprises a germanium concentration
in excess of 98 atomic %, and a boron concentration in excess of 2E20 ecm3. Another
embodiment provides an electronic device that includes a printed circuit board having one or
more integrated circuits, wherein at least one of the one or more integrated circuits comprises
one or more transistor devices as variously defined in in this paragraph. In one such case, the
one or more integrated circuits includes at least one of a communication chip and/or a processor,
and at least one of the communication chip and/or processor comprises the one or more transistor
devices. In another such case, the device is a computing device (e.g., mobile telephone or

smartphone, laptop, tablet computer, etc).

[0055]  Another embodiment of the present invention provides a transistor device. In this
example case, the device includes a substrate having a channel region, and a gate electrode above
the channel region, wherein a gate dielectric layer is provided between the gate electrode and the
channel region and spacers are provided on sides of the gate electrode. The device further
includes source and drain regions in the substrate and adjacent to the channel region, each of the
source and drain regions including a tip region that extends under the gate dielectric layer and/or
a corresponding one of the spacers. The device further includes a boron doped germanium layer
on at least a portion of the source and drain regions, and comprising a germanium concentration
in excess of 95 atomic % and a boron concentration in excess of 2E20 cm™3. The device further
includes metal-germanide source and drain contacts on the boron doped germanium layer. The
device is one of a planar or FinFET transistor. In one such example case, the device further
includes a buffer between the source and drain regions and the boron doped germanium layer,
wherein the buffer has a germanium concentration that is graded from a base level concentration
compatible with the source and drain regions to a high concentration in excess of 95 atomic %,
and a boron concentration that is graded from a base level concentration compatible with the

source and drain regions to a high concentration in excess of 2E20 cm3. In another example
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case, the boron doped germanium layer has a graded concentration of at least one of germanium
and boron. In another example case, the source and drain regions comprise silicon germanium
having a germanium concentration that is graded from a base level concentration compatible
with the substrate to a high concentration in excess of 50 atomic %, and the boron doped
germanium layer has a germanium concentration in excess of 98 atomic %. In another example
case, the source and drain regions have a boron concentration that is graded from a base level
concentration compatible with the substrate to a high concentration in excess of 2E20 cm~3. In
another example case, the source and drain regions comprise silicon germanium having a fixed
germanium concentration, and the device further comprises a buffer between the source and
drain regions and the boron doped germanium layer, the buffer having a germanium
concentration that is graded from a base level concentration compatible with the source and drain
regions to a high concentration in excess of 50 atomic %, and a boron concentration that is
graded from a base level concentration compatible with the source and drain regions to a high
concentration in excess of 2E20 ci3, the buffer having a thickness of less than 100 Angstroms.
Another embodiment provides a computing device (e.g., desktop or portable computer, etc) that
includes a printed circuit board having a communication chip and/or a processor, wherein at least
one of the communication chip and/or processor comprises one or more transistor devices as

variously defined in this paragraph.

[0056] Another embodiment of the present invention provides a method for forming a
transistor device. The method includes providing a substrate having a channel region, and
providing a gate electrode above the channel region, wherein a gate dielectric layer is provided
between the gate electrode and the channel region. The method continues with providing source
and drain regions in the substrate and adjacent to the channel region, and providing a boron
doped germanium layer on at least a portion of the source and drain regions. The boron doped
germanium layer comprises a germanium concentration in excess of 90 atomic % and a boron
concentration in excess of 1E20 cm3. The method continues with providing metal-germanide
source and drain contacts on the boron doped germanium layer. In some example such cases, the
method further includes providing a graded buffer between the substrate and the source and drain
regions, and/or providing a graded buffer between the source and drain regions and the boron
doped germanium layer. In another example case, the boron doped germanium layer has a

graded concentration of at least one of germanium and boron (which may be used with or
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without graded buffers). This method may be employed, for example, in the fabrication of any

electronic devices such as a computing device.

[0057] The foregoing description of example embodiments of the invention has been presented
for the purposes of illustration and description. It is not intended to be exhaustive or to limit the
invention to the precise forms disclosed. Many modifications and variations are possible in light
of this disclosure. It is intended that the scope of the invention be limited not by this detailed

description, but rather by the claims appended hereto.
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CLAIMS

What is claimed is:
1 1. A transistor device, comprising:
2 a substrate having a channel region;
3 a gate electrode above the channel region, wherein a gate dielectric layer is
4 provided between the gate electrode and the channel region;
5 source and drain regions in the substrate and adjacent to the channel region;
6 a boron doped germanium layer on at least a portion of the source and drain
7 regions, and comprising a germanium concentration in excess of 90 atomic
8 % and a boron concentration in excess of 1E20 cm-3; and
9 metal-germanide source and drain contacts on the boron doped germanium layer.
1 2. The device of claim | wherein the device is one of a planar or FinFET
2 transistor,
1 3. The device of claims 1 or 2 wherein the device comprises a PMOS
2 transistor.
| 4. The device of any of the preceding claims further comprising an interlayer
2 dielectric,
1 5. The device of the preceding claims, further comprising at least one of:
2 a graded buffer between the substrate and the source and drain regions; and
3 a graded buffer between the source and drain regions and the boron doped
4 germanium layer,
1 6. The device of claim 5 wherein the graded buffer between the source and

2 drain regions and the boron doped germanium layer has a germanium concentration that is
3 graded from a base level concentration compatible with the source and drain regions to a

4 high concentration in excess of 95 atomic %.
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| 7. The device of claim 6 wherein the high concentration reflects pure

2 germanium.

1 8 The device of claims 5, 6, or 7 wherein the graded buffer between the
2 source and drain regions and the boron doped germanium layer has a boron concentration
3 thatis graded from a base level concentration compatible with the source and drain regions

4 to a high concentration in excess of 1E20 cm3.

1 9. The device of any of the preceding claims wherein the boron doped

2 germanium layer has a graded concentration of at least one of germanium and boron.

| 10.  The device of any of the preceding claims wherein the source and drain
2 regions comprise silicon germanium having a germanium concentration that is graded from
3 abase level concentration compatible with the substrate to a high concentration in excess
4 of 50 atomic %, and the boron doped germanium layer has a germanium cencentration in

5  excess of 95 atomic %.

j 11.  The device of any of the preceding claims wherein the source and drain
2 regions comprise boron doped silicon germanium having a boron concentration that is
3 graded from a base level concentration compatible with the substrate to a high

4 concentration in excess of 1E20 cm™.

i 12. The device of any of claims 1 through 4 wherein the source and drain
2 regions comprise silicon or silicon germanium, and the device further comprises a buffer
3 between the source and drain regions and the boron doped germanium layer, the buffer
4 having a germanium concentration that is graded from a base level concentration
5 compatible with the source and drain regions to a high concentration in excess of 50
6 atomic %, and a boron concentration that is graded from a base level concentration
7 compatible with the source and drain regions to a high concentration in excess of 1E20 cm-

g 3.
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I 13. The device of any of the preceding claims wherein the boron doped
2 germanium layer comprises a germanium concentration in excess of 98 atomic %, and a

3 boron concentration in excess of 2E20 cm-3.

1 14, An electronic device comprising:

2 a printed circuit board having one or more integrated circuits, wherein at least one
3 of the one or more integrated circuits comprises one or more transistor
4 devices as defined in any of the preceding claims.

1 15. The electronic device of claim 14 wherein the one or more integrated

2 circuits includes at least one of a communication chip and/or a processor, and at least one

3 of the communication chip and/or processor comprises the one or more transistor devices.

1 16. The electronic device of claims 14 or 15 wherein the device is a computing

8%

device.

1 17. A wansistor device, comprising:

b

a substrate having a channel region;

3 a gate electrode above the channel region, wherein a gate dielectric layer is
4 provided between the gate electrode and the channel region and spacers are
5 provided on sides of the gate electrode;

6 source and drain regions in the substrate and adjacent to the channel region, each of

7 the source and drain regions including a tip region that extends under the

8 gate dielectric layer and/or a corresponding one of the spacers;

9 a boron doped germanium layer on at least a portion of the source and drain
10 regions, and comprising a germanium concentration in excess of 95 atomic
1 % and a boron concentration in excess of 2E20 cm-3; and
12 metal-germanide source and drain contacts on the boron doped germanium layer;

13 wherein the device 1s one of a planar or FinFET transistor.

1 18. The device of claim 17, the device further comprising:

Docket # P38507PCT 28

Page 1326 of 1640



WO 2012/087403 PCT/US2011/054198

2 a buffer between the source and drain regions and the boron doped germanium
3 layer, wherein the buffer has a germanium concentration that is graded from
4 a base level concentration compatible with the source and drain regions to a

w

high concentration in excess of 95 atomic %, and a boron concentration that
6 is graded from a base level concentration compatible with the source and

7 drain regions to a high concentration in excess of 2E20 cm-?,

1 19.  The device of claim 17 wherein the boron doped germanium layer has a

2 graded concentration of at least one of germanium and boron.

1 20.  The device of claim 17 wherein the source and drain regions comprise
2 silicon germanium having a germanium concentration that is graded from a base level
3 concentration compatible with the substrate to a high concentration in excess of 50 atomic
4 %, and the boron doped germanium layer has a germanium concentration in excess of 98

5 atomic %.

| 21. The device of claim 20 wherein the source and drain regions have a boron
2 concentration that is graded from a base level concentration compatible with the substrate

3 toa high concentration in excess of 2E20 cm3.

| 22.  The device of claim 17 wherein the source and drain regions comprise
2 silicon germanium having a fixed germanium concentration, and the device further
3 comprises a buffer between the source and drain regions and the boron doped germanium
4 layer, the buffer having a germanium concentration that is graded from a base level
5 concentration compatible with the source and drain regions to a high concentration in
6 excess of 50 atomic %, and a boron concentration that is graded from a base level
7 concentration compatible with the source and drain regions to a high concentration in

8  excess of 2E20 cm-3, the buffer having a thickness of less than 100 Angstroms.

I 23. A method for forming a transistor device, comprising;

2 providing a substrate having a channel region;
3 providing a gate electrode above the channel region, wherein a gate dielectric layer
4 is provided between the gate electrode and the channel region; and
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5 providing source and drain regions in the substrate and adjacent to the channel
6 region;

7 providing a boron doped germanium layer on at least a portion of the source and
8 drain regions, the boron doped germanium layer comprising a germanium
9 concentration in excess of 90 atomic % and a boron concentration in excess
10 of 1E20 cm-?; and

11 providing metal-germanide source and drain contacts on the boron doped

12 germanium layer.
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SELECTIVE GERMANIUM P-CONTACT METALIZATION THROUGH TRENCH

RELATED APPLICATION

[0601] This application is a continuation-ire-part of U.S. Application No. 12/975278 filed
December 21, 2010,

BACKGROUND

{0902} Increased performance of cirowit devices mcluding transistors, diodes, resistors,
capacitors, and other passive and active electromic devices formed on a semicondoctor substrate
is typically a major factor considered during design, manufacture, and operation of those devices.
For example, during design and manufacture or forming of, metal oxide semiconductor (MOS)
transistor semiconductor  devices, such as those used v a complementary metal oxide
semiconductor {CMOS), it 1s often desired 1o vuinimize the parasitic resistance associated with
contacts otherwise known as external resistance Ruw. Decreased Rey enables higher curvent from

an equal frausistor desiga.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003]  Figure 1A ilustrates a MOS device configured with a boron doped germantum layer
between the source/drain layer and contact metals, m accordance with an embodiment of the
present invention.

[0004] Figure 1B ilustrates & MOS device configured with a boronr doped permanium layer
between the sonrce/drain laver and contact metals, in accordance with ancther embodiment of
the present invention,

[0805]  Figure 1C illustrates a MOS device configured with a boron doped germanium layer
between the source/drain layer and contact metals, in accordance with another embodiment of

the present mvention,
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[0006] Figure 2 is a method for forming a transistor structore with low contact resistance In
accordance with an embodiment of the present myention.

{0007]  Figures 3A to 3] illustrate structures that are formed when carrying out the method of
Figure 2, w accordance with various embodiment of the present invention.

[0008]  TFigure 4 15 a method for forming a transistor structure with low contact resistance n
accordance with another embodiment of the present invention.

[0009]  Tiguves SA to SF illustrate structuves that are formed when carrving out the method of
Filgure 4, in accordance with various embodiment of the present invention,

[0810] Tigure 6 shows a perspective view of a FinFET transistor architecture, configured in
accovdance with one embodiment of the present mvention.

j0011] Figure 7 shows a plot of a split lot showing contact resistance for transistor stractures
configured with in accordance with embodiments of the present invention and standard transistor
structures configured with no cap.

{0012] TFigure 8 illustrates a computing systemn implemented with one or more transistor
structures 1 accordance with an example embodiment of the present invention.

[0013]  As will be appreciated, the figures are not necessarily drawn to scale or ttended to
fimit the clatmed wmvention to the specific configurations shown. For instance, while some
figures generally indicate straight lines, nght angles, and smooth swfaces, an actual
mplementation of a transistor structure may have less than perfect straight haes, right angles,
and some features may have sarface topology or otherwise be non-smooth, given real world
haatations of the processing equipment and techmques used. In short, the figures are provided

merely to show example structures.

DETAILED DESCRIPTION
[0814]  Techmiques are disclosed for forming transsstor devices having redaced parasitic
contact resistance relative to conventional devices. The techniques can be mmplemented, for
example, using a standard contact stack such as a series of metals on sihicon or silicon
germaniten {SiGe} sourceddrain regions. In accordance with one exaniple such embodiment, an
ntermediate boron doped permanivm laver s provided between the source/drain and contact

metals to significantly reduce coniact resistance. Numerous transistor coafigurations and
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suitable fabrication processes will be apparent in light of this disclosure, including both planar
and non-planar transistor structures {c.g., FinFETs), as well as straimed and unstratned channel
structures. The technigues arve particularly well-suited for mplementing p-type devices, but can
be used for n-type devices if so desired.

General Overview

[0015]  As previously explained, increased drive current in the transistors can be achieved by
reducing device resistance. Contact resistance 1s one component of a device’s overall resistance.
A standard transistor contact stack typically includes, for example, a silicon or S1Ge source/drain
laver. a nickel silicide layer, & titmium nitride adhesion laver, and a tungsten contact/pad. In
such configurations, the contact resistance 1s effectively hmited by the siheon or S1Ge valence
band aligrment to the piming level in the metal. Typically, using industry standard silicides
sach as nickel (or other suitable silicides, such as titantum, cobalt, or platinam), this results in a
band nusalignment of about 0.5 oV, Thus, and i accordance with an example embodiment of
the present invention, an intermediate boron doped germanium fayer 15 provided between the
source/draan and contact metals to qigmificantly reduce the band misalignment value and contact
resistance.

[0016] In one spectfic example embodiment, contacts configured with the intermediate boron
doped germamum layer exhubit a reduction i the band msalignment value to Jess than 0.2 eV
and a corvesponding reduction in contact resistance of about 3X {relative to a conventional
contact stack stmlarly configared, but without the intermediate boron doped germamum laver
between the souwrce/drain regions and contact metal). A transmission electron microscopy
{TEM) cross section or secondary 1on mass spectrometry (SIMS) profile can be used to show the
germamim concentration throughout the vertical stack of the film structure, as profiles of
epitaxial alloys of silicon and SiGe can readily be distmguished from germanium concentration
profifes.

j0817]  Thas, transistor structures confisured i accordance with embodiments of the preseat
myention provide an mprovement over conventional stractures with respect to lower contact
resistance. Some such embodiments effectively marry superior contact properties of germanium
with superior sennoonductor transistor properiies of St and SiGe to provide next generation low
resistance contacts.  Selectivity can be achieved m various wayvs. In one embodiment, for

imstance, selectivity to a-tvpe MOS (NMOS) sonrce/drain locations can be provided by having
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NMQOS repions masked off during p-type MOS device (PMOS) deposition. In another
embodiment, both NMOS and PMOS regions can be open sumultaneously, but deposition ondy
occurs in the PMOS regions by way of a trench. An advantage here 15 that the low melting point
germaniian 18 absent during the relatively high thermal budget steps tvpical in the front end of a
MOS flow.  After wench processing and germanium depostiion, and m accordance with one
specific such example embodiment, the structure sees no temperatres above 300°C, and
therefore the germanium overlayer 1s not n jeopardy of melting and or otherwase degrading
performance.  As will be further appreciated n light of this disclosure, selectively mav nclude
natural selectivity.  For mstance, while boron doped permanium grows on p-type SiGe {or
silicon} source drain regions, it does not grow on dielectrie surfaces such as silicon dioxide
{S13:) or sthicon niride (SINY; nor does it grow on, for mstance, exposed heavily phosphorous
doped sihicon 1 n-tvpe regions.

[O018] Numerous transistor configurations and suttable fabrication processes will be apparent
m hight of this disclosure, metudimg both planar and non-planar transistor structures (e.g., such as
double-gate and tnigate trapsistor structures), as well as stramed and unstrained chanoel
strachures.  Any number of such structural features and material systems can be used in
conjunciion with a gevmanium overlaver as described herein.  The transistor structure may
mclude p-type sousce/drain regions, n-type soutce/drain regions, or both n-type and p-tvpe
sourcesdrain regions.  In some example embodiments, the (ransistor structure inclades dopani-
mmplanted source/drain regions or epitaxiat {or poly) replacement source/drain regions of silicon,
SiGe alloys, or nominally pure germanium films {e.g., such as those with less than 10% silicon)
m a MOS structure.  In any such implementations, an overlayer or cap of boron doped
germanium can be formed directly over the souwrce/drain regions, o accordance with an
embodiment of the present iavention. A contact metal (or series of metals) can then be deposited
and a sabsequent reaction (annealing) can be carried out to form metal germanide source and
dram contacts. As will be appreciated, the contact may be maplemented as a stack including one
or mere of a silicide layer, an adhesion layer, and/or a metal pad layer. The boron doped
germanium overlayer can be formed directly over other parts of the transistor structure as well,
such as the poly gate andfor grounding tap regions, if so desired.

[0819]  As is known, a MOS transister may inclode source and drain tip regions that are

designed to decrease the overall resistance of the transistor while improving short channel effects
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(SCE}. Conventionally, these tip regions are portions of the substrate where a dopant such as
boron or carbon 1s wnplanted using an implant and diffuston technique. The source tip region is
formed in the arca between the source region and the channel region. Likewise, the drain up
region 15 formed in the area between the drain region and the channel regton.  Some
embodiments of the present fnvention are configured with such conventionally formed up
regions.  In other example embodiments, fabrication technigues are emploved to extend self-
aligned epitaxial up (SETY transistors to achieve very near to the theorstical lima of umiaxial
sirain. This can be accomplished, for instance, by selective epttaxial deposition in the source and
drain regions as well as their corresponding tip regions to form a bilayer construction of boron
doped sificon or SiGe (for the sowceddrain regions} capped with an overlayer of a boron doped
germamem layver i the sowceddramn and respective tip regions.  The germamum and boron
concentrations can vary, but m some example embodiments, the germanum concentration is u
the range of 20 atomic % to 100 atomic %, and the boron concentration is i the range of 1520

o

to 2E21 cm™ (e.g, germanium concentration in excess of 50 atomic % and boron
concentration in excess of 2E20 em™?). Note that the boron doped germanium layer may be
provided in the tip regions, but in other embodiments is just provided over the sourcefdrain
regions {and not i the tip regions).

{0020 In still other example embodiments, an optional thin buffer with graded germamium
concentration and‘or boron concentration can be used as an imterfacial laver between the
anderlying substrate with the sowrce/dram layer {(e.g., sthicon or 8:Ge).  Likewise, a thin bufter
with graded germanram concentration and/or boron concentration can be used as an interfacial
laver between the source/drain laver and the boron doped germaniwm cap.  In stll other
embodiments, the boron doped germanium overlayer or sowrce/drain layer themselves can have g
graded germanium and/or boron concentration i a similar fashion as to the optional baffers. In
any such case, since boron diffusion is suppressed m germantum {the higher the concentration,
the greater the relative zappression), a high concentration of boron can be doped in the
germanien, which in twrn results in lower parasitic resistance and withowt degrading tip
abrapiness.  In addition, the contact resistance is reduced from lowering of Schotiky-barrier

hetght,
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Architecture and Methodolopy

[0021] Figure 1A illustrates a MOS device 100A formed on a substrate 102 and configured
with 8 boron doped germantum layver between the sowce/drain laver and contact wetals, in
accordance with an embodunent of the present tnvention. In particular, boron doped germanium
taver 117 1 provided between the source layer 110 and contact metals 125, and boron doped
germanium layer 119 s provided between the drain layer 112 and contact metals 127, The
souree region 110 and the dram region 112 can be formed using any number of conventional
techniques.  In this example embodiment, for instance, the source region 110 and the dran
region 112 are formed by ewching the substrate and then epriaxaally depositing a silicon or silicon
germanmm material {e g, with a germantum concentration in the range of, for instance, 10 to 70
atontic %e).

{00221 A gate stack 122 is formed over a channel region 120 of the transistor 100A. As can
further be seen, the gate stack 122 ncludes a gate dislectric layer 106 and a gate electrode 104,
and spacers 108 are formed adjacent to the gate stack 122, In some example cases, and
depending on the technology node, the spacers 108 cresie a distance of about 10 o 20
nanometers (mm) between the edges of the gate dielectrie layer 106 and the edges of each of the
sowrce gnd drain regions FI0/T12. It is within this space that a sowrce tip region 110A and a
drawn tip region H12A can be formed. In this example embodiment, the tip regions 110A/1124A
are formed via a typical implantation~-diffusion based process, and overlap the spacers 108 and
may also overlap or underdiffuse the gate dielectric layer 106 by a distance of, for mstance, less
than 10 nm. In forming the mmplantation-diffusion based tip regions 118A71124 a dopant such
as boron or carbon 15 mplanted mto the source regivn 110 and the drain region 112, The
transistor 100A s then annealed to cause the dopant o diffuse towards the channel region 120,
Angled 1on implantation techniques may also be used to further implant dopants into those areas
between the gate diclectric layer 106 and the source/drain regions 110/112. Such umplantation-
diffusion-based tip formation processes generally do not mduce a strain on the channel region.
jO023]  In any case, and as will be appreciated in Hight of this disclosure, whether a transistor
structure has a stramned or unstramned channel, or source-drain &p regions or no sowrce-dram tip
regions, is ant particularly relevant to varnious embodiments of the present invention, and such
embodiments are not intended to be limited to any particular such structural features. Rather,

any number of transistor stractures and types can benefit from employing a horon doped
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germanium overlayer as described herein. The techniques provided herein are compatible. for
mstance, with conventional dopant tmplanted silicon, raised source/drain, strained SiGe (or other
suitable materials), and any deposited epitaxial tip (sometimes referred to as source-drain
extenstons) that extend below the gate electrode dislectric or are spaced away from the vertical
tine defined by the gate electrode dielectric.

j0024]  The germamum overlaver 117119 is generally provided after formation of the
souree/drain regions 1107112 and prior to formation of the contacts 125/127. The thickness of
this overlayer 117/119 can vary from one embodiment to the next, but W one example
embodiment is in the range of 50 fo 250 Angstroms (A). The boron concentration of overlayver
117/119 can also vary, but in one example embodiment is in the range of 1E20 ¢m 1o 2E21 enw
Y {eg., in excess of 2B20 cor®). The overlayer 1177119 can be selectively deposited over the
sowrcesdrain 110/112 regions (and/or other regions as desired, such as the poly sate or grounding
tap regions). Any number of suitable deposition techniques can be used 1o provide the overlayer
117/119 (e.g., chemical vapor deposition, molecular beam epitaxy, etc). In accordance with one
example embodiment, the contact metals 125 and 127 each comyprise a stack a nickel silicide
laver, a titanium nitride adhesion laver, and a tungsten contact/pad, and although any number of
contact metal configurations can be used as will be appreciated in hight of this disclosure.

Standard deposition technignes can be used in providing the contact metals 125/127,

f0828] Figure IB illostrates an example MOS device 100B formed on a substrate 102 and
configured with a boron doped germaniom laver 117/119 between the source/dram layer 110/112

-
7
i

and contact metals 125/127, in accordance with another embodiment of the presemt invention.
This example configuration includes source and drain epitaxial tips (generally referred to herein
as epi-tips). In more detail, the MOS transistor 100B uses an undercut etch to allow the source
region 110 and the deain region 112 1o extend below the spacers 108, and in some cases, below
the gate dielectric laver 106. The portions of the source/drain regions 110/112 that extend below
the spacers 108 (and possibly the gate dielectric laver 106} are generally referred to as the source
epi-tip 110B and the drain epi~tip 112B, respectively. The source and drain epi-tips 110B/112R
replace the implantation/diffusion based tip regions HOA/TI2A described with regard to Figure
1AL In accordance with one embodiment, the source/drain regions 110/112 and the source/drain
epi-tips 1108/112B can be formed, for example, by etching the substrate 102, which inchudes

andercuttimg the spacers 108 {and possibly the pate dielectric laver 106), and then asing selective
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epitaxial deposition to provide, for instance, an in situ doped silicon, germanium, or SiGe fo fill
the source/dram regions 11112 and the source/dran epi-tips 1TOB/112B, as shown in Figure
1B, Note the epitaxial fill may be vaised refative to the surface of substrate 102, as further shown
i Fagure 1B, although non-ratsed configurations can be used as well, The germamum overlayer
117/119 and the contact metals 135/127 can be implemented, for instance, as previously
described with respect to Figure 1A,

[0026] Figwe 1C illustrates a8 MOS device 100C formed on a substrate 102 and configured
with boron doped germanium layers 117/1 19 between the respective source/drain lavers {110/112
and contact metals 1257127, 1 accordance with another embodiment of the present invention,
The souwrce region 110 and the drain region 112 in this example embodiment are formed by
implanting dopants such as boron mto the substrate. The gate stack 122 is formed over a channel
region 120 of the transistor {100C and is this example case does not include sidewalls 108, Nor
does this example transistor structure molude an wndercut or tip regrons hike the embodiments
shown in Figures 1A and 1B, The germmaniam overlaver 1177119 and the contact metals 125/127
can be implemented, for nstance, as previously described with respect 1o Figure LA,

[0827]  Numerous other variations and features can be implemented for transistor structures
configured in accordance with an embodiment of the present invention. For example, a graded
butfer may be used in one or more locations of the structure. For instance, the substrate 102 can
be a silicon substrate, or a silicon {film of a silicon on nsulator (SOI) substrate, or a mulii-layered
substrate comprising  silicon, silicon  germamum, germanium, andfor Y compound
semiconductors.  Thas, and by way of example, in an embeodiment having & silicon or silicon
germanmium subsirate 102 and an in sty boron doped SiGe fill in the source/drain regions
1104112 and the source/dram epi-tips 110B/112B, a buffer can be provided between the
underlyimg substrate 102 and the source/drain material. In one such emwbodiment, the buffer can
be a graded boren doped (or mirinsic) stheon genmamum laver with the permanium
concentration graded from a base level compatible with the wnderlymg substrate up o 100
atonne % {or near 100 atomie %, such as In excess of 80 atomic %% or 93 atomic 2o or 98 atomic
%o). The boron concemtration within this buffer can be either fixed (e.g., at a high level) or
graded, for instance, from a base concentration at or otherwise compatible with the undertving
substrate up to a desired high concentration f{e.g. in excess of 2E20 cm).  Note that

‘compatibility” as used hevein does pot necessttate an overlap i concentration levels (for

Page 1350 of 1640



WO 2012/087404 PCT/US2011/054202

instance, the germaniom concentration of underlying substrate can be 0 to 20 atomic % and
mial germantum concentration of the buffer can be 30 to 40 atomie %), o addition, as used
herein, the term “fixed” with respect to & concentration level 15 intended to indicate a relatively
constant concentration level (e.g., the lowest concentration level in the faver 15 within 10% of the
highest concentration level within that laver). In a more general sense, a fixed concentration
tevel 18 intended to indicate the lack of an intentionally praded concentration level. The
thickness of the buffer can vary depending on factors such as the range of concentrations being
buffered, but in some smbodiments is in the range of 30 to 120 A, such as 30 10 100 A (e.g.. 60
A or 65 Ay As will be further appreciated in Hght of this discloswee, such a graded buffer
beneficially lowers the Schottky-barrier height.

[0028]  Alternatively, rather than asing a thm buffer between the substrate 102 and the
source/dramn regions 11112 and the sowce/dran epi-tips 1T08B/112B, the source/drain material
stself can be graded n a sumiar fashion. For example, and m accordance with one example
embodiment, boron doped SiGe source/dram regions 110/112 and the source/dram epi-tips
TIOB/11ZB can be configured with a germanium concentration graded from a base level
concentration compatible with the underlving substrate {e.g., n the range of 30 to 70 atomic %)
up o 100 atomic %. In some such erabodiments, the horon concentration within this boron
doped germanium laver can range, for example, from a base concentration at or otherwise
compatibde with the underlving substrate up to a desired high concentration {e.g., in excess of
2820 croH.

[0829]  In other embodiments, a buffer can be provided between the source/drain material and
the boron doped germanium overfayer 1177119, In one such embodiment, the source/dram
materal s a boron doped SiGe laver having a fixed concentration of germanium (e, i the
range of 30 to 70 atomic %) and the buffer can be a thin SiGe laver {e.g, 36 to 120 A, such as 50
to 100 A) having a germantum concentration graded from a base level concentration compatible
with the underlving boron doped SiGe layer up to 100 atoouc b (or near 100 atonue %0, such as
i excess of 90 atomic % or 95 atomue % or 98 atomic %), 1o some such cases, the boron
concentration within this buffer can be fixed at a desired high level or can range, for example,
from a base concentration at or otherwise compatible wath the undedyimg SiGe laver up to the
desired high concentration {e.g. in excess of 1E20 cmd. 2B20 emd, or 3B20 em?)

Alternatively, rather than asiog a buffer between the souree/drain material and the boron doped
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germanium overlayer 1177119, the overlayer 117/119 uself can be graded in & stmilar fashion
For example, and mn accordance with one example embodunent, the boron doped overlayer
17119 can be configured with a germanim concentration graded from a base fevel
concentration compatible with the underlying substrate andfor source/drain regions {e.g., in the
range of 30 to 70 atomue %) up to 100 atomie %% (or uear 100 atomic %). The boron

concentration within this overlaver 117/119 layer can be fixed at a destred high level or can

range, for example, from a base concentration at or otherwise compatible wih the undedying
substrate and/or source/drain regions up to the desired high level (.0, i excess of 2820 end).
[0030]  Thus, a low contact resistance architecture for numerous tranststor devices is provided.
The devices may be formed i part using any number of conventional processes such as, for
example, by gate oxide, poly gate electrode, thin spacer, and an isotropic undercut etch i the
source/drain regions {or an ammaonia etch to form faceted fin recess in monocrystalline substrate,
or other suitable etch to form fin recess).  In accordance with some embodiments, selective
epuaxial deposition can be used to provide in situ doped silicon or alternatively, a fully strained
silicon germanium laver {o form source/dram regions with or without tips. Optional buffers nay
be used as previously explamwed. Any surtable high-k replacement metal gate (RMG) process
How can also be uwsed, where a high-k dielectric replaces the conventional gate oxide.
Sihicidation with, for example, mickel, mckel-platinum, or titanium with or withouat germanium
pre-amorphization implants can be used to form a low resistance germanide. The techmgues
provided heremn can be apphed, for example. to benefit any technology nodes (e.¢., 90nm, 63nm,
43nm, 32om, 220m, Ham, and 10nm transistors, and lower), and the claimed invention ts not
intended to be limited to any pacticular such nodes or range of device geometries.  Other
advantages will be apparent in light of this disclosure.

{0831} Figore 2 15 a method for forming a transistor structure with low contact resistance in
accordance with an embodiment of the present mvention.  Figures 3A through 3 illustrate
example structures that are formed as the wethod 13 camed out, and i accordance with some
embodiments.

[0032]  As can be seon, the method begins with forming 202 a gate stack on a semiconductor
substrate upon which a MOS device, such as a PMOS transistor, may be formed. The
senuconductor substrate may be umplemented, for example, with a bulk siticon or a silicon-on-

msulator configuration.  In other implementations, the semuconductor sebstrate may be formed
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using atternate materials, which may or may not he combined with silicon, such as germanium,
siheon germavum, mdiom antimomde, lead tellunide, wdium arsenide, wdm phosphide,
gallivm arsenide, or gallium antimonide. In a more general sense, any material that may serve as
a foundation upon which a semiconductor device may be built can be used v accordance with
embodiments of the preseat wvention. The gate stack can be formed as conventionally doune or
using any suitable custom techniques. in some embodiments of the present wmvention, the gate
stack may be formed by deposinng and then patterming a gate diefectric laver and a pate
electrode layer. For instanee, in oue example case, a gate diclectrie layer may be blanket
deposited onto the semiconductor substrate using conventional deposition processes such as
chemical vapor deposition (CVID}, atomic fayer deposition {ALD), spin-on deposition {SODY, or
physical vapor deposition (PVIX.  Alternate deposition technigues may be used as well, for
mstance, the gate delectnie layer may be thermally grown. The gate dielectric matenial may be
formed, for example, from materials sech as silicon dioxide or high-k dislectric materials.
Examples of high-k eate diclectric matenials inclade, for mstance, hafnnen oxide, hafhum
silicon oxide, lanthanum oxide, lanthanum aluminem oxide, zirconium oxide, zirconium silicon
oxade, tantalum oxide, titanaoy oxide, battum strontium titammn oxade, barum titanum oxide,
strontium titaniem oxide, yirium oxide, alwminum oxide, lead scandivm tantalum oxide, and
fead zine niobate. In some specific example embodiments, the high-k gate diclectric layver may
be between around 5 A to around 200 A thick (e.g., 20 A o S0 A). In general, the thickness of
the gale dielectric laver should be sufficient to elecirically isolate the gate elecirode from the
neighboring source and drain contacts, In farther embodiments, additional processing may be
performed on the high-k gate dielectric layer, such ag an annealing process to mnprove the quality
of the high-k material. Next, a gate electrode material mav be deposited on the gate dielectric
layer using simiar deposition technigues such as ALD, CVD, or PVD. In some such specific
embodiments, the gate electrode material 1s polystlicon or a metal layer, although other suiable
gate electrode materials can be used as well. The gate electrode material, which is may be a
sactificial material that is later removed for a replacement metal gate (RMG) process, has a
thickness in the range of 508 to S00A {eg. 1004). in some example embodiments. A
conventional patterning process may then be carried ont 1o etch away portions of the gate
electrode laver and the gate dielectric laver to form the gate stack, as shown in Figure 3A. As

can be seen, Figure 3A illustrates a subsirate 300 upon which a gate stack is formed. In this
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example embodiment, the gate stack inclades a gate dielectric layer 302 {which may be high-k
gate dielectric matenial) and a sacrifictal gate electrode 304, In one specific example case, the
gate stack weludes a silicon dioxide gate dielectric layer 302 and a polysilicon gate electrode
304, The gate stack may also include a gate hard mask layer 306 that provides certain benefits or
uses duning processing, such as protecting the gate olectrode 304 from subsequent won
implantation processes.  The hard mask layer 306 may be formed using typical hard mask
materials, such as such as silicon dioxide, silicon nitnide, andfor other conventional dielectric
materials.  Figure 3A further tlustrates spacers 310 formed on either side of the stack., The
spacers 310 may be formed, for example, using conventional materials such as silicon oxide,
silicon uitride, or other suitable spacer matenials. The widih of the spacers 310 may generaily be
chosen based on design requirements for the transistor bemg tormed. In accordance with some
embodiments, however, the width of the spacers 310 15 not subject o design constraints waposed
by the formation of the souree and drain epi-tips, given sufficiently high boron doped germanium
content in the source/drain tip regions, as described herein (boron won't diffase into chanael).

[0033] Wik further reforence to Figure 2, afier the gate stack s formed, the method continues
with defimng 204 the source/drain regions of the transistor structure.  As previouslhy explained,
the source/drain regions can be wplemented with any number of suitable processes and
configurations. For example, the soutce/dram regions may be implanted, etched and spt filled,
raised, silicon or SiGe alloy, p-type andfor n-type, and have a planar or fin shaped diffusion
region. In the example embediment shown in Figure 34, substrate 300 has been etched to
provide cavites 312/314 as well as respective tip areas 312A/314A which undercuts the gate
dielectric 302, Figure 3B illustrates the substrate 300 after cavities 312/314 and tip areas
J12A/314A have been {illed to provide the source/drain regions 3187320 and tip regions
318A/320A.  in accordance with some example embedunents, the source and drain region
cavities 312/314 along with thewr respective tip areas 312A/314A are fifled with in situ doped
silicon or SiGe, thereby fornung source region 318 {along with epi-tip 313A) and dram regon
320 (along with drain epi-tip 320A). Any number of source/drain laver confignrations can be
used here, with respect to materials (o.g., silicon, $:1Ge, -V materials), dopant (e.g., boron in
excess of 2E21 e, or ather suitable dopant/concentration), and dimension {e.g_. thickness of
source/dram layer may range, for instance, from 30 to 500 nm so as to provide a flush or rased

source/dramn region).
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[0034]  As previously explained, some soch embodiments may include with a thin buffer
between the source/drain layer and the substrate or the source/drain and boron doped germanium
overtayer. For instance, and as can further be scen tn the example erabodiment shown i Figure
3B, a source buffer 313 and a dratn buffer 315 are deposited prior to depositing the source/drain
materials. In some embodiments, the buffers 313 and 3135 can be a graded boron doped silicon
germaniten fayver with the germanium composition graded from a base level concentration
compatible with the underlving substrate 300 material up to 100 atomic %5 {or near to 100 atomic
% as previously deseribed). The boron concentration can be appropriately graded as well
Numerous buffer schemes will be apparent in light of this disclosure.

[o033]  With further reference to Figure 2, after the source/drain regions are defined, the
mwethod continues with depositing 206 boron doped germaniom on the source/drain regions of
the transistor structure.  Figure 3C shows the boron doped germantum layer 317319, In some
example embodiments, the boron doped germanitan layer 3177319, which may be epitaxially
deposited i ove or more layers, has a germanium concentration i excess of 90 atonie %,
although other switable concentration fevels can be used as will be appreciated in light of this
disclosure (e.g., i excess of 91 atonuce %, or 82 atonuie %, ..., or 98 atomic %, or 99 atonuc Y,
or traly pure germantum).  As previousty explained, this germamum concentration may be fixed
or graded so as 1o increase from a base Jovel (near substrate 3003 to a high level {e.g., It excess
of 90 atomic %). The boron concentration in some such embodiments can be in excess of 1E20
eon?, such as higher than 2E20 o or 2821 om-?, and may alse be graded so as to jncrease
from a base lovel near substrate 300 to a high level (e.g.. in excess of 1E20 ena? or 2E20 em? or
3E20 cmd. .., 2B21 emY).  In embodiments where the germanium concentration of the
underbving source/drain regions 318/320 1s fixed or otherwise relatively low, a praded buffer
may be used to better interface source/drain regtons 318320 with the boron doped germanium
laver 317/319, as previously explained. The thickness of the boron doped germanium cap
3174319 may have a thickness in the range, for example, of 50 to 250 A, in accordance with
some specific example embodiments, although alternative embodiments may have other layer
thicknesses, as will be apparent i hight of this disclosure.

[0836] In some embodiments, 8 CUVD process or other suitable deposition technique may be
ssed for the depositing 206 or otherwise forming the boron doped germaniam laver 317319,

For example, the deposiiing 206 may be carried out 11 a CVD, or rapid thermal CVD (RT-CVD),
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or low pressure CVD (LP-CVDY), or oltra~high vacuum CVD (UHV-CVD), or gas sowce
molecular beam epitaxy (GS-MBE) tool using germanium and boron contatning precursors such
as germane (GeHy) or digermane (GeHe) and diborane {ByHg) or boron difluonide (BF-). In
some such embodiments, there may be a carvier gas such as, for instance, hydrogen, nitvogen, or
a noble gas {e.g., precursor s dituted at 1-5% concentration of carvier gas). There may alse be an
etchant gas such as, for example, balogen-based gas such as hydrogen chlonide (HCT), chlorine
{C1), or, hydrogen bromide (HBr). The basic deposition of germantum and also boron doped
germanim s possible over 2 wide range of conditions using deposition temperature 1n the range,
for example, of 300°C to 800°C {e.g., 300-300°C) and reactor pressure, for instance, in the range
I Tomr to 760 Torr. Germanimn is naturally selective in that it deposits on silicon or silicon-
germamem alloy, and does not deposit on other materials such as silicon dipxide and silicon
uitride.  Since this natural selectivity 18 not entwely perfect, a small flow of etchant can be used
to increase the selectivity of the deposition, as previcusty noted. Fach of the carrier and etchants
can have a flow m the range of 10 and 360 SCCM (typically, no more than 100 SCOM of flow 1s
required, but some embodiments may require higher flow rates). In one specific example
embodiment, the deposition 206 1s carrted out usstng Gells that is diluted m hydrogen at a 1%
concentration and at a How rate that ranges between 100 and 1000 SCCM. For an w situ dopang
of boron, diluted B Hs may be used {e.g., the B:H; may be dilated in Hy at 3% concentration and
at a flow rate that ranges between 100 and 600 SCCM. In some such specific example cases, an
etching agent of HCI or Cl: s added at a flow rate that ranges, for example, between 10 and 100
SCCM, 1o increase the selectivity of the deposition,

{98371  As will be appreciated m light of this disclosure, the selectivity at which the boron
doped germanium layer 3177319 is deposited can vary as desired.  In some cases, for instance,
the bovon doped germaniwm layer 3177319 1s deposited only on the sowce/drain regions 318/320
or a portion of the source/drain regions 318/320 (rather than across the entire structurs). Any
number of masking/patternimng technigues can be used to selectively deposit layver 317319
Moreover, other embodiments mayv benefit from laver 317319 covening, for example, poly gate
regions or grounding tap regions. As will further be appreciated in light of this discloswre, the
combingtion of high germanium concentration (e.g., in excess of 90 giomic % and ap to pure
germanium) and high boron concentration {e.g.. in excess of 2E20 cm?) can be used to realize

significantly lower contact resistance 1 the source and drain regions (and other areas where low
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contact resistance is desirable, such as ground tap regions). in gccordance with some example
embodiments.  Further, and as previously explaimed, since boron diffuston s sutficiently
suppressed by pure germanium, no adverse SCE depradation is realized with subsequent thermal
anneals despite any high boron concenteation proximate the channel (if applicable). Barmer
height lowering is also enabled from the higher concentration of germanim at the contact
surface. In some example embodiments, a permanium concentration in excess of 93 atomic Yo
and up 1o pure germanium {100 atomic %) can be used to achieve such benefits.

[0038]  With further reference to Figure 2, after the boron doped germanium layer 317/319 i
provided, the method continues with depositing 208 a dielectric over laver 317/319. Fisure 3D
shows dielectric 322 as bemng flush with the hard mask 306 of the gate stack, but it need not be.
The dielectrie can be configured in a number of ways. In some embodiments, dielectric 322 is
wmplemented with Si0: or other ow-k diclectric materials. In other embodiments, diclectric 322
s implemented with a SIN liner followed by one or more layers of Si(, or any combination of
mitride, oxide, oxynitride, carbide, oxyearbide, or other suitable dielectric matenials).  The
diclectric 322, which may be referred to as an mterlayer dielecteie (1LD), may be plananzed as
commondy done. Other example dielectric matettals include, for instance, carbon doped oxide
{CDOY, organic polvmers such as perflucrocyclobutane or polvtetrafluorosthylene, fluorosilicate
olass (FSG}, and organosilicates such as silsesquioxane, siloxane, or organosthicate glass. In
some example configurations, the ILD layer may inclode pores or other voids to farther reduce
its dielactric constant,

{00391 Next, ix some embodiments of the present mvention where a replacement metal gate

{RMG) process 1s used and as best shown in Figure 3E, the method may further include

removing the gate stack {ncluding the high-k gate dielecine laver 302, the sacnficial gate
electrode 304, and the hard mask layer 308) using an etching process as conventionally done. In
alternate implementations, only the sacrificial gate 304 and hard mask laver 306 are removed.
Figure 3E stlustrates the trench opemng that is formed when the gate stack s etched away, m
accordance with one such embodiment. If the gate dielectric laver s removed, the method may
continue with depositing a new gate dielectric layer mio the trench opening {designated as 324 in
Figure 3F)  Any suttable high-k dielectric materials such as those previously described may be
used here, such as hafninm oxide. The same deposition processes may also be used

Replacement of the gate dieleciric laver may be used, for example. to address any damage that
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may have occurred to the ariginal gate dielectric laver during application of the dry and wet eich
processes, andor to replace a low-k or sacrificial diclectrie matenal with a high-k or otherwise
desired gate dielectric material. As further shown i Figure 3F, the method may further continue
with depositing the metal gate electrode layer 326 mto the wrench and over the gate diclectrie
faver 324, Couventional metal deposition processes may be used to form the metal pate
electrode layer, such as CVD, ALD, PVD, electroless plating, or electroplating.  The metal gate
electrode layer may include, for example, a p-type workfunction wetal, such as ruthenium,
palladiam, platioum, cobalt, nickel, and conductive metal oxudes, e.¢., ruthenium oxide. In some
example configurations, two or more metal gate electrode favers may be deposited. For instance,
a workfunction metal may be deposited i the gate trench followed by a suitable metal gate
electrode filf metal such as alomimum or silver,

[0040]  With further reference to Figure 2, after diclectric laver 322 1 provided over layer
31719 (and any destred RMG process), the method continues with etching 210 to form the
source/dramn contact trenches.  Any suitable dry andfor wet etch processes can be used. Figure
3G shows the source/drain contact trenches after etching is complete, in accordance with one
example embodiment.  The method then continues with depositing 212 contact resistance
reducing metal and anoeahng to form silicide/germanide, and then depositing 214 the
source/dramn contact plugs. Figure 3H shows the contact metals 325/327, which in some
embodiments includes the siicide/germanide, although other embodiments may include
additional fayers {e.g., adhesion layer}. Figure 31 shows the contact plug metal 329/331, which
m some embodiments includes alemunum, although any suitably condactive contact metat or
alloy can be used for the contact plug 3297331, such as siver, mickel-platinum or mckel-
alaminum or other alloys of nickel and alumicum, or titanium, using conventional deposition
processes. The germamde’metalization 212 of the sowrce and drain contacts can be carried out,
for instance, by sthicidation with nickel, alummuom, nickel-platmum or ackel-alummuem or other
allovs of micke! and alumuenum, or titamum with or without germeasnium pre-amorphization
unplants to form a low resistance germanide. The boron doped germanium layer 317/319 allows
for metat-germanide formation {e.g., nickel-gormamium}, The germanide allows for significantly
tower Schottky-barrier height and improved contact resistance {including R} over that
conventional metal-silicide systems. For instance, conventional fransistors tvpically use &

sonrce/drain SiGe ept process, with germanium concentration in the range of 30-40 atomic %.
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Such conventional systems exhibit R values of about 140 Qlon®*am, limited by epi/silicide
mterfactal resistance, which 15 high and may impede futwre gate pich scaling.  Some
embodiments of the present wvertion allow for a significant improvement in Roy in PMOS
devices (e.g., about a 2x improvement or better, such as a Roq of about 70 Ohm*um), which can
better support PMOS device scaling.  Thus, transistors having a source/drain configured with
boren doped germaniim cap 3177319 1 accordance with an embodiment of the present, with a
boron conceatration in excess of 1E20 cm ™ and a germanium concentration in excess of 90
atomic % and up to or otherwise near pure germasium {100 atomic %) at the interface between

the source/drain regions 318/320 and the contact metals 325/327, can exhibit Ry values of less
than 100 Olm™um, and 0 some cases less than 90 Ohm*am, and in some ¢ases less than 80

Ohm*wm, and in some cases less than 75 Olun*um, or lower,

{86411 Figwe 4 is a method for forming a transistor structure with low contact resistance n
accordance with another embodiment of the present invention. Figures SA through SF illastrate
example structares that are formed as the method s camrted out, and in accordance with some
embodiments. As can be seen, this example transistor structure includes both p-type and n-type
source and dram regions (designated p-S/D and 0-S/D, respectively}, and the boron doped
germantum 1§ selectively deposited on the p-type regions only. It general, this method is similar
to the method desenbed with reference to Figawes 2 and 3A-H, except that the deposition of the
boron doped germantam layer 317/319 on the source/drain regrons is selectively carried out after
the dielectric 322 is depostted and etched to form the contact trench.

[0842]  The method inchedes fornung 402 the gate stacks and defming 404 the various p-S/D
and n-S/D regions wsing standard processing and as best shown wm Figwre SA. In some
embodiments, the p-8/D and n-8/D regions can be doped to provide a desired degree of
selectivity with respect to bovon doped germaniam. The method forther includes depositing 406
the dielectric 322 directly over the p-5/D and n-$/ regions, as shown m Figure 5B. The method
continues with etching 408 to form the p-S/D and n-S/D region contact trenches, and then
selectively deposting 410 the boron doped germanium laver 317/319 to the trench and onto the
-5/ regions {of which there may be one or more depending on the desired function and
application of the transistor steucturs), as best shown in Figurss 5C and 3D, Deposting 410 can
be carried out using any suitable deposition process, such as selective spitaxy. Once laver

-
7
!

IVF319 15 provided, the method continues with depositing 412 contact metals 325/327 on top of
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the laver 317/319 as well as on top of any exposed n-S/D regions, and then depositing 414 the
soures/deain contact plugs 32933, as shown in Figures 5E and 5F. This alternate methodology
provides the same benefit of mproved contact resistance, but is more selective m where the
boron doped germanium is deposited.  Other such selective deposition processes will be apparent
m light of this disclosure, using any suitable combination of maskmg/patterning and selective
deposition techniques. As will be further appreciated, the previous relevant discusston with
respect to sunilar parts of the method is equally applicable here.

FinFET Conficuration

[0043]  As s known, FinFET is a transistor built around a thin strip of semuconductor material
{generally referred to as the fin). The transistor includes the standard field effect ransistor (FET)
nodes, including a gate, a gate dielectric, a source region, and a drain region. The conductive
channel of the device resides on the outer sides of the fin beneath the gate dielectric.
Specifically, cwrent runs along both sidewalls of the fin {sides perpendicular to the substrate
surface) as well as along the top of the fin {sude parallel 1o the substrate surface). Because the
conducttve channel of such configurations essentially resides along the three different outer,
planar regions of the fin, such a FinFRT design is somenmes referred to as a wi-gate FinPFET.
Other types of FnFET coufigurations are also available, such as so-called double-gate FinFETy,
. which the conductive channel principally resides only aloug the two sidewalls of the fin (and
not along the top of the fin).

[0844]  Figure & shows a perspective view of an example tri-gate architecture, configurad in
accordance with one embodiment of the present invention. As can be seen, the {ri-gate device
mcludes a subsirate 600 having a semiconductor bady or fin 660 (represented by dashed lines)
extending from the substrate 600 through solatton regions 610, 620, A gate clectrode 640 18
formed over 3 surfaces of the fin 660 to form 3 gates. A hacd mask 690 is formed on top of the
gate electrode 640, Gate spacers 670, 680 are formed at opposite sidewalls of the gate electrode
840,

[0845] A source region comprises the epitaxial region 631 formed on a recessed source
mterface 630 and on one fin 660 sidewall, and a drain region comprises the epstaxial region 631
formed on a recessed source interface 630 and on the opposing fin 660 sidewall (not shown). A
cap layer 641 is deposited over the epitaxial regions 631, Note that the boron cap layer 641 may

be provided in the recessed (lip) regions, but i other embodiments is just provided over the
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source/drain regions {(and not in the recessed regions). In one embodiment, the iselation regions
610, 620 are shallow trench wolation (ST regions formed using conventional techmgues, such
as etching the substrate 800 to form trenches, and then depositing oxide material onto the
trenches to form the ST1 regrons. The tsolation regtons 610, 620 can be made from any suttable
dielectnicansulative material, such as S10:. The previous discussion with respect to the substrate
102 is equally applicable here (e.g., substrate 600 may be a stlicon substrate, or SOI substrate, or
a mulit-lavered substrate).

[0046]  As will be appreciated in light of this disclosure, conventional processes and forming
techniques can be used to fubricate the FinFET transistor structure, However, and in accordance
with one example embodiment of the present invention, the bilaver structire of the epitaxial
region 631 and cap laver 641 can be noplemented, for instance, ustng an w situ doped silicon or
SiGe (for 631} capped with a boron doped germantum (for 641), with an optional germanium
and/or boron geaded buffer between the two bilavers. As previously explained, such a buffer
may be used to fransition from a base level germamiam/boron concentration compatible with the
epitaxial region 631 to the boron doped germanium cap 641, Alternatively, germanium and/or
boron concentration grading can be tmplemented directly i the epitaxial region 631 and/or the
cap 641, rather than in an ntervening graded buffer arrangement.  As will further be appreciated,
note that an alternative to the wri-gate configuration is a double-gate aschitecture, which inclades
a dielectric/isolation layer on top of the fin 660.

j0047] Figure 7 shows a plot of a splil Iot showing contact resistance for transistor structures
confligured with in accordance with embodiments of the present mvention and standard transistor
structures configured with no cap. The transistor stroctures associated with the high resistance
numbers in excess of 0.18 ae all implewented with standard SiGe alloy rased PMOS
source/draimn regions with contact metal deposited directly thereon. The transistor structures
associated with the resistance numbers of 0.107 and fower are all stmilarty implemented but with
the addition & boron doped pormanium cap between the source/drain regions and contact maetal,
m accordance with various embodiments of the present tavention. Table 1 shows the raw data
guantiles resulting from testing of the example structures with and without a boron doped

germanitun cap as described herein,
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GeCap | Min 10%% 25% Median 75% | 90% | Max

Yes 0.032 | 0.032 | 0033 4.040 Q078 | 0105 | 0107

No 0183 | 0183 | 0192 04.239 0250 | 0265 | 0.2

[
=
L)

Table 1

As can be seen, this example lot actually shows an improvement {reduction) in contact resistance
of about a three to six tunes (3X 1o 6X) over conventional transistor structures, The units are
(Ohms per arbitrary area.

j0048] Other improvements enabled by using a boron doped germanium cap mn accordance
with an embodiment of the present invention will be apparent in Hght of this discloswre. In
particular, the resulting germanide materials and Schottky barrier height improvement enables
maore than a 2x R improvement over that in conventional S1Ge source/dram PMOS devices, in
accordance with some example embodiments of the present mvention.  As s known, the
Schottky barrier height is the barnier for electrical conduction across a semicondactor-metal
sunction. The magnitude of the Schottky barrier height reflects a mismateh 1o the energy position
of the metal’s Fermi level and the majority carrier band edge of the semiconductor across the
semiconductor-metal interface. For a p-type semiconductor-metal interface, the Schottky barvier
height is the difference between the metal Fermu level and the valence band maximum of the

semniconductor.

Example Svstem

[0049] Figwe 8 illustrates a computing device 1000 configured in accordance with one
embodiment of the invention. As can be seen, the computing device 1000 houses a motherboard
1002, The motherhoard 1002 may include a number of components, meluding but not hmited to
a processor 1004 and at least one commumication chip 1006, each of which can be physically and
electrically coupled to the motherboard 1002, ov otherwise integrated therein.  Ag will be
appreciated, the motherboard 1002 may be, for example, any printed circuit board, whether a
main board or & daughterboard mounted on a mam board or the only board of device 1000, etc.
Depending on sts applications, computing device 1000 may include one or more other
components that may or nwy not be physically and electrically conpled to the motherboard 1002,
These other components may include, but are not limited to, volatile memory {e.g.. DRAM),

non-volatile yaemory (e.p, ROM), 8 graphics processor, a digital sigmal processer, a crypto
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processor, a chipset, an antenna, a display, a touchscreen display, a touchscreen controller, a
battery, an audio codec, a video codee, a power amplifier, & global positioning system (GPS)
device, a compass, an accelerometer, a gyroscope, a speaker, a camsra, and a mass storage
device (such as bard disk deve, compact disk (CD), digual versatile disk {DVD), and so forth).
Any of the compouents included in computing device 1000 may include one or more transistor
structures as described berein.  In some embodiments, multiple functions can be integrated into
one or more chips {e.g., for mnstance, note that the commumication chip 1006 can be part of or
otherwise integrated mto the processor {004),

{0050]  The communication chip 1006 enables wireless communications for the wansfer of data
1w and from the computing device 1000, The term “wireless™ and its derivatives may be used to
describe cieuits, devices, systems, methods, techmiques, communications channels, ete | that
may communicate data through the we of modulated electromagnetic radiation through a non-
sobid medium.  The term does not imply that the associated deviges do not contam any wires,

although 1 some embodiments they mighi not. The communication chip 1006 may maplement

any of a number of wireless standards or protocols, inchuding bat not hmited to Wi-Fi (IEEE
&02.11 fanmly), WiMAX (JBEE 802.16 fwaly), IEEE 80220, long term evolution (LTE], Bv-
DO, HSPA+, HSDPA+, HSUPA+, EDGE. GSM, GPRS, CDMA, TDMA, DECT, Blustooth,

derivatives thereof, as well as any other wireless protocols that are designated as 3G, 4G, 3G,

and beyond. The eomputing device 1000 may mnclade & phurality of communication chips 1006,
For instance, a first communication chip 1006 may be dedicated to shorter range wireless
communications such ag Wi-Fi and Bleetooth and a second commuemication chip 1006 may be
dedicated to longer range wireless communications such as GPS, EDGE, GPRS, CDMA|
WIMAX, LTE, Ev-DO, and others.

JOOS1]  The processor 1004 of the computing device 1000 includes an integrated circuit die
packaged within the processor 1004, In some cmbodiments of the present mvention, the
mtegrated circuit die of the processor includes an ouboard non-volatile memory or cache, and/or
is otherwise commumicatively coupled to off-chip memwory that s implemented with oneg or more
transistor structores as described herein,  The term “processor” mayv refer to any device or
portion of a device that processes, for instance, electronic data from registers and‘or memory 1o
wansform that electronic data into other electronic data that may be stored in registers and/or

MENIY,
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[00852] The comumunication chip 1006 may also include an integrated circuit die packaged
within the communication chap 1006, In accordance with some such example embodiments, the
ttegrated circuit die of the communication chip includes one or wore devices implemented with
oue Or more transistor structures as described herain. As will be appreciated w hight of tlus
disclosure, note thet wult-standard wiveless capability may be integrated directly into the
processor 1004 {e.g.. where functionality of any chips 1006 is itegrated into processor 1004,
rather than having separate compumication chips). Further note that processor 1004 may be a
chip set having such wireless capabuity.  In short, any number of processor 1004 aand/or
communmeation chips 1006 can be used. Likewise, any one chip or chip set can have multiple
functions integrated therein.

[0053]  In various mmplementations, the computing device 1000 may be a laptop, a netbook, a
notebook, a smartphons, a tablet, @ personal digutal assistant (PIDA), an ultra mobile PC, a mobtle
phone, a desktop computer, 8 server, a prinfer, a scanner, a monitor. a sei-top box, an
enfertsinment control wait, @ digital camera, a portable music player, or a digital video recorder.
In further implementations, the device 1000 may be any other electromie device that processes
data or employs transistors.

[0034]  Numerous embodiments will be apparent in light of this disclosure, and features
described heremn can be combined in any mawber of configurations. One example embodiment
of the present invention provides a transistor device. The device includes a subsirate having a
channel region, and a gate electrode above the channel region. A gate dieleciric laver 15 provided
between the gate elecirode and the channel region, and p~type and n-type source/drain regions
are provided in the substrale and adjacent to the channel region. The device further includes a
boron doped germanyum layer on at least a portion of the p-type source/drain reglon. This boron
doped germanium layer comprises a germaniam concentration m excess of 90 atomic % and a
boron concentration i excess of 1E20 end. The device further includes a metal-germamde
sowrce/dramn contact on the boron doped germamum layer. In one such example, the boron
doped germaniam fayer 1s only on p-type source/drain regions of the device. In another example
case, the device further inchedes an mterlaver dielectric. In another example case, the device
further mcludes a graded buffer batween the substrate and at least one of the p-typs and n-type
source/drain regions, and/or a graded buffer between at least one of the p-tvpe and n-tvpe

soureg/draim regions and the boroa doped geomanivm layer. In one such vase, the graded buffer
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between the at least one p-type and n-type source and drain regions and the boron doped
germanim laver bas a germamum concentration that is graded from a base level concentration
compatible with the at least one of the p-type and n-type source/drain regions to a high
concentration i excess of 95 atomic %.  In one such specific example case, the high
concentration reflects pure germamium.  In another example case, the graded buffer between the
at least one of the p-type and n-type source/drain regions and the boron doped germanium laver
has a boron concentration that is graded from a bage level concentation compatible with the at
teast one of the p-type aud n-type source/drain regions to a high concentration fn excess of 1829
e, In another example case, the boroa doped germanium layer has & graded coucentration of
at least one of germamiwm and boron. In another example case, the p-type and n-type
soprce/deain regions comprise silicon germanium having a germanium concentration that is
graded from a base level concentration compatible with the substrate to a high concentration in
excess of 50 atonuc %, and the boron doped germanium layer has a gennanium concentration in
excess of 95 atomue %.  In another example case, the p-type and n-type sowee/drain regions
comprise boron doped silicon germanium having a boron concentrapion thai s graded from a
base level concentration compatible with the substrate o a high concentration n excess of 1120
em-3. In another example case, the p-tvpe and n-type source/drain regions comprise silicon or
silicon germanium, and the device further comprises a buffer between at least one of the p-type
and n-type sowceddrain regions and the boron doped germanram layer, the buffer having a
genmaniun concentration that is graded from a base level concentration compatible with the at
least one of the p-type and n-tvpe source’drain regions to a high concentration in excess of 50
atomiuc %, and a boron concentration that is graded from a base level concentration compatible
with the at least one of the p-type and n-type source/dramn regions to a high concentration i
excess of 1F20 e’ In another example case, the boron doped germanium layer comprises a
germaniien concentration in excess of 98 atomic %, and a boron concentration i excess of 2E20
e, Another embodiment provides an electronic device that includes a printed circuit hoard
having one or more mitegrated circuits, wherein at least one of the one or more mtegrated circwts
comprises one or more transistor devices as vartously defined mn this paragraph.  In one such
case, the one or more integrated circuits includes at least one of a communication chip andfor a

processor, and at least one of the commanication chip andfor processor comprises the one or
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maore transistor devices. In another such case, the device is a computing device (e.g., mobile
telephone or smartphone, laptop, tablet conmputer, ete).

{B055]  Another embodiment of the present invention provides a transistor device. In this
example case, the device tncludes a substrate having a channel region, and & gate electrode above
the channel region, wheremn a gate dielectnic layver is provided berween the pate electrode and the
channe! reglon and spacers are provided on sides of the gate electrode.  The device further
mncludes p-type and n-type source/drai regions in the substrate and adjacent to the channel
region, each of the p-type and n-type source/drain regions inchuding a tip region that extends
under the gate dielectrie laver andfor a corresponding one of the spacers. The device further
mcludes a boron doped germanium layer on at least a portion of the p-tvpe source/drain region,
and comprising a germaniwm concentration in excess of 95 atomic ¥ and a boron concentration
in excess of 2E20 cm™3. The device further includes metal-germanide source/drain contacts on
the boron doped germarnum layer. The device is one of a planar or FinFET transistor. In one
such example case, the device further mcludes a buffer between at least one of the p-type and n-
type source/dram regions and the boron doped germanmmm layer, wheren the buffer has a
germanimm concentration that 18 graded from a base level concentration compatible with the at
least one of the p-type and n-type source/dran regions to a high concentration in excess of 93
atomic %, and a boron concentration that is eraded from a base level concentration compatible
with the at least one of the p-type and ntype source/drain regions to a high concentration
excess of 2E20 em™. In another example case, the boron doped germanium laver has a graded
concentration of at least ong of germanium and boron. In another example case, the p-type and
n-type source/drain regions comprise silicon germanium having a germaniwm concentration that
is graded from a base level concentration compatible with the substrate to & high concentration in
excess 0f 30 atomie %, and the boron doped germanium fayer has a germanigm concentration in
excess of 98 atomic %o. In another example case, the p-type and n-type source/drain regions have
a boron concemtration that is graded from a base level concentration compatible with the
substrate to a high concentration in excess of 2E20 em?. In another example case, the p-type
and n-type source’drain regions comprise silicon germaniom having a fixed germaniom
concentration, and the device flwther comprises a buffer between the p-type and n-type
sonrce/drain regions and the boron doped germanium laver, the buffer having a germaniom

concentration that is graded from a base level concentration compatible with the p-type and n-
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type source/drain regions to a high concentration in excess of 50 atomic %, and a boron
concentration that is praded from a base level concentration compatible with the p-type and n-
type source/drain regions to a high concentration in excess of 2E20 cm-3, the buffer having a
thickness of less than 100 Angstroms. Another embodiment provides a computing device {e.g,,
desktop or portable computer, etc) that includes a printed circait board having a commuanication
chip and/or a processor, wherein at least one of the comnmmication chip andfor processor
comprises one of more transistor devices as variously defined in this paragraph.

{0056]  Aunocther embodiment of the present mvention provides a method for forming a
wransistor deviee.  The method includes providing a subswate having a channel repion, and
providing a gate electrode above the chammel region, wherein a gate dielectric layer 15 provided
between the gate electrode and the channel region. The method continnes with providing p-type
and n-type source/drain regions in the substrate and adjacent {o the channel region, and providing
a boron doped germaniam layer on at least a portion of the p-type sowrce/drain region, The
boron doped germaniwm layer comprises a germaniom concentration n excess of 90 atomic %o
and a boron concentration in excess of 1820 cov?. The method continues with providing metal-
germanide source/drain contacts on the boron doped germsaniom laver. In some example such
cases, the method further mcludes providing a graded buffer between the substrate and at least
one of the p-type and n-type source/drain regions, and/or providing a graded buffer between at
least one of the p-type and n-type source/drain regions and the boron doped germannen layer. In
another example case, the boron doped germanium layer has a graded concentration of at least
one of germantum and boron (which may be used with or withouat graded buffers). This method
may be employed, for example, m the fabrication of any electronic devices such as a computing
device.

[0057]  The foregoing description of example embodiments of the nvention hus been presented
for the purposes of illustration and description. It 15 not intended to be exbaustive oy to linnt the
invention to the precise forms disclosed. Many modifications and variations are possible in light
of this disclosare. It is inlended that the scope of the invention be limited not by this detailed

descripiion, but rather by the claims appended hereto.
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CLAIMS
What 15 claimed s

I i, A transistor device, comprising:

2 a substraie having a channel region;

3 a gate electrode ghove the chanpel region, wherein a gate dielectric fayer is
4 provided between the gate electrode and the channel region;

3 p-type and n-type source/drain regions in the substrate and adjacent to the channel
6 TegIon;

7 a horon doped germanium laver on at least a portion of the p-tvpe source/dram
8§ regton, and comprisimng 4 germanaan concentration in excess of 90 atomic
g % and a boron concentration 1 excess of 1E28 em?; and
19 a metal-germanide source/drain contact on the boron doped germanium laver.

I 2, The device of claim 1 wherein the device 1s one of a planar or FinFET
2 transistor,

1 3. The device of claims 1 or 2 wherein the boron doped germannum layer is
2 only on p-type source/drain regions of the device.

I 4, The device of any of the preceding claims farther comprising an interlayer
2 dielectric.

i S. The device of the preceding claims, further comprising at least one of:

2 a uraded buffer between the substrate and at least one of the p-tvpe and n-type
3 source/drain regions; and

4 a graded bulfer between at least one of the p-type and n-tvpe source/drain regions
3 and the boron doped germaninm laver.

f 6. The device of claim 5 wherein the graded buffer between at least one of the

2 petype and n-tvpe source/drain regions and the boron doped germaniwm laver has a

a2

germanium concentration that 18 graded from a base level concentration compatible with
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the at least one of the p~type and n~type source/drain regions to a high concentration in

excass of 95 atorme %.

7. The device of claim © wherein the high concentration reflects pure
germantynm.
8. The device of claims 3, 6, or 7 wheremn the graded buffer between the at

least one of the p~type and n-type source/drain regions and the boron doped germanium
faver has a boron conceniration that is graded from a base level conceniration compatible
with the at least one of the p-tvpe and n-type source/drain regions to 3 high concentration

in excess of 1R20 emy3,

9, The device of any of the preceding claims wherein the boron doped

germaniym layer has a graded concentration of at least one of germaniom and boron,

10, The device of any of the precedimg claims wheremn the p-iype and n-type
source/drain regions comprise sibcon germanium haying a germantum concentration that
is graded from a base level concentration compsiibie with the substrate to & high
concentration in excess of 50 atomic %, and the boron doped germaniem layer has a

germaniam concentration in excess of 93 atomic %o,

i1, The device of any of the preceding claims wherein the p-type and n-type
source/drain regions comprise boron doped silicon germanium having a boron
concentration that is graded from a base level concentration compatible with the subsirate

to a high concentration in excess of 1E20 cm,

12, The device of any of clazms 1 through 4 wherein the p-type and n-type
source/drain regions comprise silicon or silicon germanium, and the device further
comprises a buffer between at least one of the p-type and n-type source/drain regions and
the boron doped germamum layer. the buffer having a germanim concentration that 18
eraded from a base level concentration compatible with the at least one p-type and n-type
source/drain regions to a high concentratton m excess of 30 atomue %, and a bovon

concentration that is graded from a base level concentration compatible with the at least
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8  one of the p-iype and n-type source/drain regions to a high concentration in excess of 1E20

9 e,

1 13, The device of any of the preceding clamms wherem the boron doped
2 germamum layer comprises a germaninm concentration in excess of 98 atomic %, and a

L e N
3 boron concentration m excess of 2E20 ¢m.

I 4. Anelectronic device comprising:

2 a printed circuit board having one or more miegrated circuits, wheremn at least one
3 of the one or more inlegrated circuils comprises one of more transistor
4 devices as defined m any of the preceding claims.

i 15, The electronic device of claim 14 wherein the one or more tntegrated

[3¥)

circuits includes at least one of a communication chip and/or a processor, and at least one

3 of the communication chip and/or processor comprises the one or more transistor devices,
1 16, The electronic device of elams 14 or 13 wherein the device 18 a computing

2 device.

t 7. A transistor device, comprising:
2 a substrate having a channel region;

3 a gate electrode above the chamnnel region, wherein a gate dielectric fayer is
4 provided between the gate electrode and the channel region and spacers are
5 provided on sides of the gate electrode;

6 p-type and n-tvpe source/drain regions in the substrate and adjacent to the channel
7 region, each of the p-type and n-type sowrce/dran regions including a up
8 region that extends under the gate dielectric layer andior a corresponding
9 one of the spacers;

10 a boron doped germanium layer on at least a portion of the p-type source/drain
i1 region. and comprising a gernlaniim concentration m excess of 95 atomic
12 % and a boron concentration in excess of 2E20 cm3; and

K a metal-germanide source/drain contact on the boron doped germaniwm layer;
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wherein the device is one of a planar or FinFET transistor.

18,  The device of claim 17, the device further comprising;

a buffer between at least one of the p-type and n-type sonrce/drain regions and the
boron doped germamium laver, wherein the buffer has a germaniom
concentragion that is graded from a base level concentration compatible with
the at least one of the p-lype and n-fype source/drain regions to a high
concentration in excess of 95 atomic %, and a boron concentration that s
graded from a base level concentration compatible with the at least one of
the p-type and n-type source/drain regions to a high concentration in excess

of 2820 el

19, The device of clatms 17 wherem the boron doped germanium layer has a

graded concentration of at least one of germantum and boron,

20. The device of claim 17 wherein the p-type and a-lype source/drain regions
comprise silicon germanivm having a permanium concentration that is graded from a base

fevel concentration compatible with the subsirate to a bhigh concentration in excess of 30

=

atomic %, and the boron doped germanium layer has a germanium concentration i excess

of 98 atomiic Ye.

21, The device of claim 20 wherem the p-type and n-type source/dram regions
have a boron concentration that is graded from a base level concentration compatible with

the substrate to a high concentration in excess of 2E20 cm3,

22, The device of clazm 17 whersin the p-type and n-type sowrce/drain repions
comprise silicon germamum bhaving a fixed germannnm concentration, and the device
further comprises a buffor between the p-type and n-tvpe source/dram regtons and the
boron doped germaniam layer, the buffer having a germanium concentration that s graded
from a base level concentration compatible with the p-type and n-type source/drain regions
to a high concentration m gxcess of 50 atomic %o, and a boron concentration that 1s graded

from a base level concentration compatible with the p-type and n-type source/drain regions
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to & high concentration in excess of 2E20 em3, the buffer having a thickness of less than

100 Angstroms.

23, A mwethod for forming g fransistor device, comprismg:

providing a substrate having a channe! region;

providing a gate electrode above the channel region, wherein a gate dielectric layer
is provided between the gaie electrode and the channel region; and

providing p-type and a-type source/dramn regions i the substrate and adgpcent to
the channel region;

providing a boron doped germanimm laver on at least a portion of the p-type
source/drain region, the boron doped germanium laver comprising a
germanium  concentration in excess of 90 atonc % and a bovon
concentration in excess of 1E20 em-?: and

providing metal-germanide source/drain contacts on the boron doped germanium

fayer.
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TRANSISTORS WITH HIGH
CONCENTRATION OF BORON DOPED GERMANIUM

BACKGROUND

Increased performance of circuit devices including transistors, diodes, resistors,

capacitors, and other passive and active electronic devices formed on a semiconductor
substrate is typically a major factor considered during design, manufacture, and operation
of those devices. For example, during design and manufacture or forming of, metal oxide
semiconductor (MOS) transistor semiconductor devices, such as those used in a
complementary metal oxide semiconductor (CMOS), it is often desired to increase
movement of electrons in N-type MOS device (NMOS) channel regions and to increase
movement of positive charged holes in P-type MOS device (PMOS) channel regions.
Such increased drive current in the transistors can be achieved by reducing device
resistance.

One method of reducing the overall resistance of a MOS device is to dope the area
between the source/drain regions and the channel region, known as the tip regions (or
sometimes as source/drain extensions) of a MOS device. For instance, a dopant may be
implanted in the source/drain regions and a subsequent anneal may be carried out to
diffuse the dopant towards the channel region. Because an implant and diffusion method
is used, the ability to control the dopant concentration and location is limited.
Furthermore, the size of other parts of a MOS device, such as the thickness of its offset
Spacers, can also have a great impact on the location of the tip regions. All of this, in turn,
affccts the ability of the tip regions to maximize dopant concentration and come into close
proximity of thc channcl rcgion. Accordingly, improved mcthods or structurcs arc nceded
to overcome the limitations of conventional tip regions.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1A illustrates a conventional MOS device that includes source and drain tip
regions formed using implantation and diffusion.

Figure 1B illustrates a MOS device that includes source and drain epitaxial tips
configured in accordance with an embodiment of the present invention.

Figure 1C illustrates how spacer thickness can impact etching of epitaxial tips of a
MOS device.

Figure 1D is a graph illustrating the dependence of UC-to-UC distance on spacer

thickness.
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Figure 2 is a method of forming source and drain epitaxial tips in accordance with
an embodiment of the present invention.

Figures 3A to 3] illustrate structures that are formed when carrying out the method
of Figure 2, in accordance with various embodiment of the present invention.

Figure 4 shows a perspective view of a FiInFET transistor architecture, configured
in accordance with one embodiment of the present invention.

Figure 5 is a graph illustrating how the UC-to-UC distance of a MOS device
formed in accordance with an cmbodiment of the present invention is Iess dependent on
spacer thickness.

Figure 6A illustrates Schottky barrier nickel germanide (NiGe) diode
measurements, confirming that the NiGe workfunction is about 85 mV of the valance band
edge, in accordance with some embodiments of the present invention.

Figure 6B plots simulation data that shows that such germanide materials provide a
significant Rext improvement over that in conventional silicon germanium source/drain
PMOS devices, in accordance with some embodiments of the present invention.

DETAILED DESCRIPTION

Techniques are disclosed for forming transistor devices having source and drain
regions with high concentrations of boron doped germanium. The techniques can be used,
for example, to extend self-aligned epitaxial tip (SET) transistors to achieve very near to
the theoretical limit of uniaxial strain. In some embodiments, this is accomplished by use
of an in situ boron doped germanium provided by selective epitaxial deposition in the
source and drain regions as well as their corresponding tip regions. In other embodiments,
selective epitaxial deposition is used to form a bilayer construction of boron doped silicon
germanium capped with a heavily boron doped germanium layer in the source/drain and
respective tip regions. In such cases, the germanium concentration can be, for example, in
the range of 20 atomic % to 100 atomic %, and the boron concentration can be, for
instance, in the range of 1E20 ¢cm=3 to 2E21 cm-3 (e.g., germanium concentration in
excess of 50 atomic % and boron concentration in excess of 2E20 cm-3). An optional thin
buffer with graded germanium and/or boron concentration can be used as an interfacial
layer to the underlying substrate material or materials with the layer of boron doped
germanium. Likewise, in a bilayer configuration, a thin buffer with graded germanium
and/or boron concentration can be used as an interfacial layer to the silicon germanium

layer with the boron doped germanium cap. In still other embodiments, the boron doped

2o
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germanium or silicon germanium layers themselves can have a graded germanium and/or
boron concentration in a similar fashion as to the optional buffers. In any such case, since
boron diffusion is suppressed in germanium (the higher the concentration, the greater the
suppression), a high concentration of boron can be doped in the germanium, which in turn
results in lower parasitic resistance and without degrading tip abruptness. In addition, the
contact resistance is reduced from lowering of Schottky-barrier height. The techniques
can be embodied, for instance, in planar or non-planar FInFET transistor devices.

Gengral Overview

As is known, a metal oxide semiconductor (MOS) transistor may include source
and drain tip regions that are designed to decrease the overall resistance of the transistor
while improving short channel effects (SCE). Conventionally, these tip regions are
portions of the substrate where a dopant such as boron or carbon is implanted using an
implant and diffusion technique. The source tip region is formed in the arca between the
source region and the channel region. Likewise, the drain tip region is formed in the arca
between the drain region and the channel region. The tip regions resulting from such
conventional processing minimally underdiffuse the gate dielectric layer of the transistor.

In more detail, Figure 1A illustrates a conventional MOS transistor 100A formed
on a substrate 102. The source region 110 and the drain region 112 are typically formed
by either implanting dopants such as boron into the substrate or by etching the substrate
and then epitaxially depositing a silicon or silicon germanium material (with a germanium
concentration in the range of 10 to 40 atomic %). A gate stack 122 is formed over a
channel region 120 of the transistor 100A. As can further be seen, the gate stack 122
includes a gate dielectric layer 106 and a gate electrode 104, and spacers 108 are formed
adjacent to the gate stack 122. In some example cases, and depending on the technology
node, the spacers 108 create a distance of about 10 to 20 nanometers (nm) between the
edges of the gate diclectric layer 106 and the edges of each of the source and drain regions
110/112. It is within this space that a source tip region 110A and a drain tip region 112A
are formed. As can be seen, the implantation-diffusion based tip regions 110A/112A
overlap the spacers 108 and may also overlap or underdiffuse the gate dielectric layer 106
by a distance of lcss than 10 nm. In forming the implantation-diffusion bascd tip rcgions
110A/112A, a dopant such as boron or carbon is implanted into the source region 110 and
the drain region 112. The transistor 100A is then annealed to cause the dopant to diffuse
towards the channel region 120. Angled ion implantation techniques may also be used to

further implant dopants into those areas between the gate dielectric layer 106 and the

3
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source/drain regions 110/112. Unfortunately, factors such as the shape of the tip regions
110A/112A, the distance the dopants penetrate below the spacers 108, and the
concentration gradient of the tip regions 110A/112A are dependent on the diffusion
properties of the dopant in the substrate material. For instance, the concentration of the tip
regions will be high proximate to the source/drain region 110/112 and low proximate to
the channel region 120. Although highly desired, it is nearly impossible to make the
dopant concentration proximate to the channel region 120 very high without driving the
dopant into the channcl rcgion 120. Furthcrmore, the source and drain regions 110/112
cannot be moved closer to the channel region 120 because the dopant may again be driven
into the channel region 120. This limits how close the source and drain regions 110/112
can be formed to the channel region 120, thereby constraining gate length scaling.

Figure 1B illustrates an example MOS device 100B that includes source and drain
epitaxial tips (generally referred to herein as epi-tips) configured in accordance with an
embodiment of the present invention. In more detail, the MOS transistor 100B uses an
undercut etch to allow the source region 110 and the drain region 112 to extend below the
spacers 108, and in some cases, below the gate dielectric layer 106. The portions of the
source/drain regions 110/112 that extend below the spacers 108 (and possibly the gate
dielectric layer 106) are referred to herein as the source epi-tip 110B and the drain epi-tip
112B, respectively. The source and drain epi-tips 110B/112B replace the
implantation/diffusion based tip regions 110A/112A described with regard to Figure 1A.

In accordance with an embodiment of the present invention, the source/drain
regions 110/112 and the source/drain epi-tips 110B/112B can be formed, for example, by
etching the substrate 102, which includes undercutting the spacers 108 (and possibly the
gate dielectric layer 106), and then using selective epitaxial deposition to provide an in situ
boron doped germanium, or boron doped silicon germanium (SiGe) capped with heavily
boron doped germanium, to fill the source/drain regions 110/112 and the source/drain epi-
tips 110B/112B, as shown in Figure 1B. Note the epitaxial fill may be raised relative to
the surface of substrate 102, as further shown in Figure 1B.

In accordance with some embodiments of the present invention, a graded buffer
may be used in morc or more locations of the structurc, depending on factors such as the
substratc composition and cxtent to which misfit dislocation is to bc inhibitcd between
disparate layers of the device structure. For instance, the substrate 102 can be a silicon
substrate, or a silicon film of a silicon on insulator (SOI) substrate, or a multi-layered
substrate comprising silicon, silicon germanium, germanium, and/or IMI-V compound

4-
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semiconductors. Thus, and by way of example, in an embodiment having a silicon or
silicon germanium substrate 102 and an in situ boron doped germanium is used to fill the
source/drain regions 110/112 and the source/drain epi-tips 110B/112B, a buffer can be
provided between the underlying substrate 102 and the upper boron doped germanium. In
such an embodiment, the buffer can be a graded boron doped (or intrinsic) silicon
germanium layer with the germanium composition graded from a base level concentration
compatible with the underlying silicon substrate or silicon germanium substrate up to 100
atomic % (or ncar 100 atomic %, such as in cxccss of 90 atomic % or 95 atomic % or 98
atomic %). In one specific such embodiment, the germanium concentration ranges from
40 atomic % or less to in excess of 98 atomic %. The boron concentration within this
buffer can be fixed, for example, at a high level or grade, for example, from a base
concentration at or otherwise compatible with the underlying substrate up to a desired high
concentration (e.g., in excess of 1E20 ¢cm3, or 5E20 cm™3). Note that compatibility as
used herein does not necessitate an overlap in concentration levels (for instance, the
germanium concentration of underlying substrate can be 0 to 20 atomic % and initial
germanium concentration of the buffer can be 30 to 40 atomic %). In addition, as used
herein, the term ‘fixed” with respect to a concentration level is intended to indicate a
relatively constant concentration level (e.g., the lowest concentration level in the layer is
within 10% of the highest concentration level within that layer). In a more general sense,
a fixed concentration level is intended to indicate the lack of an intentionally graded
concentration level. The thickness of the buffer can vary depending on factors such as the
range of concentrations being buffered, but in some embodiments is in the range of 30 to
120 Angstroms (&), such as 50 to 100 A (e.g., 60 A or 65 A). As will be appreciated in
light of this disclosurc, such a graded buffer bencficially lowers the Schottky-barricr
height.

Alternatively, rather than using a thin buffer between the underlying substrate 102
and the upper boron doped germanium, the boron doped boron doped germanium layer
itself can be graded in a similar fashion. For example, and in accordance with one
example embodiment, the boron doped germanium layer can be configured with a
germanium concentration graded from a base level concentration compatible with the
underlying substrate (¢.g., in the range of 30 to 70 atomic %) up to 100 atomic %. In some

such embodiments, the boron concentration within this boron doped germanium layer can
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range, for example, from a base concentration at or otherwise compatible with the
underlying substrate up to a desired high concentration (e.g., in excess of 1E20 cm3).

In other embodiments having a silicon or silicon germanium substrate 102 and a
bi-layer structure of an in situ boron doped SiGe and boron doped germanium cap filling
the source/drain regions 110/112 and the source/drain epi-tips 110B/112B, a buffer can be
provided between the boron doped SiGe layer and the upper boron doped germanium cap.
In one such embodiment, the boron doped SiGe layer has a fixed concentration of
germanium (e.g., in the range of 30 to 70 atomic %) and the buffer can be a thin SiGe
layer (e.g., 30 to 120 A, such as 50 to 100 A) having a germanium concentration graded
from a base level concentration compatible with the underlying boron doped SiGe layer up
to 100 atomic % (or near 100 atomic %, such as in excess of 90 atomic % or 95 atomic %
or 98 atomic %). In some such cases, the boron concentration within this buffer can be
fixed, for example, at a high level or can range, for example, from a base concentration at
or otherwise compatible with the underlying SiGe layer up to a desired high concentration
(e.g., in excess of 1E20 cm-3, 2E20 cm-3, 3E20 ¢cm-3, 4E20 ¢m3, or 5E20 ¢cm3).

Alternatively, rather than using a thin buffer between the two layers of the bilayer
structure, the boron doped SiGe layer itself can be graded in a similar fashion. For
cxamplc, and in accordance with onc cxample cmbodiment, the boron doped SiGe layer
can be configurcd with a germanium concentration graded from a base Ievel concentration
compatible with the underlying substrate (e.g., in the range of 30 to 70 atomic %) up to
100 atomic % (or near 100 atomic %, as previously explained). The boron concentration
within this boron doped SiGe layer can be fixed, for example, at a high level or can range,
for example, from a base concentration at or otherwise compatible with the underlying
substrate up to a desired high concentration (e.g., in excess of 1E20 cm-3).

Thus, a SET architecture for planar and non-planar FinFET transistor devices is
provided. The devices may be formed in part using conventional processes such as, for
example, by dummy gate oxide, thin spacer, and an isotropic undercut etch (or an
ammonia etch to form faceted fin recess in monocrystalline substrate, or other suitable
etch to form fin recess). In accordance with some embodiments, selective epitaxial
deposition can then be used to provide in situ boron doped germanium or alternatively, a
fully strained boron doped silicon germanium layer capped with heavily boron doped pure
germanium, to form both tips and source/drain regions. Optional buffers may be used as

previously explained. With such embodiments, no P-type source and drain (PSD)
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implants or high temp diffusion-based anneals are required, since boron is fully active as
deposited. Any suitable high-k replacement metal gate (RMG) process flow can also be
used, where a high-k dielectric replaces the dummy gate oxide. Silicidation with, for
ecxample, nickel, nickel-platinum, or titanium with or without germanium pre-
amorphization implants can be used to form a low resistance germanide. As previously
explained, such embodiments extend SET transistor device architecture to achieve (near)
theoretical limit of uniaxial strain. The techniques provided herein can be applied, for
example, to benefit any technology nodes (e.g., 90nm, 65nm, 45nm, 32nm, 22nm, 14nm,
and 10nm transistors, and lower), and the claimed invention is not intended to be limited
to any particular such nodes or range of device geometries. Other advantages will be
apparent in light of this disclosure.

For instance, note that the source and drain epi-tips 110B/112B configured in
accordance with an embodiment of the present invention can be formed in the same
process as the source and drain regions 110/112, which reduces process time. In addition,
unlike conventional implantation/diffusion based tip regions, the lattice parameter of the
source/drain epi-tips 110B/112B configured in accordance with an embodiment of the
present invention induces a strain in the channel region 120 that increases hole mobility
and therefore dccrcascs resistance in the channcl.  Another advantage of a SET
architccturc configured in accordance with some embodiments of the present invention is
that the intcrfacc between the source/drain cpi-tips 110B and 112B and the substrate
matcrial 102 that forms the channcl region 120 is abrupt. For instance, on onc sidc of the
interface is the epitaxially deposited boron doped germanium (B:Ge) material (¢.g., with B
concentration in excess of 2E20 cm3 or SE20 ¢m-3) and on the other side of the interface
is the substrate material that makes up the channel region 120 (e.g., silicon germanium, or
other suitable substrate material). This structure enables the epitaxial source/drain epi-tips
110B/112B to bring the heavily boron doped high concentration germanium material in
very close proximity to the channel region 120. The boron in the epitaxial source/drain
epi-tips 110B/112B remains substantially or completely within the epi-tips and does not
tend to diffuse into the channel region 120.

Conventional methods that can be used in forming the source and drain epi-tips
110B/112B can have issues that should be considered. In particular, and with reference to
Figures 1B and 1C, conventional undercut etching techniques may result in the formation

of a bulleted profile for the undercut region. In such cases, more of the substrate material
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is etched a slight distance below the gate dielectric layer 106 than is etched directly
adjacent to the gate diclectric layer 106. As such, the source epi-tip 110B and the drain
epi-tip 112B each conform to that bulleted profile, which may produce a less than optimal
strain in the channel region 120. Furthermore, variance in conventional undercut etching
techniques can translate into a variance in the resulting source and drain epi-tips
110B/112B that are formed. Another issue with conventional methods of forming source
and drain epi-tips 110B/112B concerns the effect that spacer thickness has on the undercut
ctch, as shown in Figurcs 1B and 1C. With rcference to Figure 1B, the MOS transistor
100B is shown having offsct spacers 108 of a first thickness x;. A substrate etch has been
performed that undercuts the spacers 108 and a portion of the gate dielectric layer 106 to
enable the formation of source and drain epi-tips 110B/112B. An undercut-to-undercut
(UC-to-UC) distance 114 separates source epi-tip 110B from drain epi-tip 112B. With
reference to Figure 1C, a MOS transistor 100C is shown with offset spacers 108 having a
thickness x,. Here, the thickness x; is much greater than the thickness x; of the spacers
108 in Figure 1B. As a result, when the substrate etch is performed, the thicker spacers
108 push out the undercut etch and cause the source/drain epi-tips 110B/112B to be
formed further away from the channel region 120 of the transistor 100C. The substrate
etch therefore undercuts less of the surface area beneath the MOS transistor 100C.
Accordingly, a UC-to-UC distance 116 for the MOS transistor 100C is much larger than
the UC-to-UC distance 114 for the MOS transistor 100B. Altering the UC-to-UC distance
in this manner yields large drive current variations for MOS transistors. Figure 1D is a
graph illustrating how spacer thickness affects the UC-to-UC distance in devices formed
using known methods. The graph provides data, represented by line 118, showing that as
spacer thickness increases, the UC-to-UC distance also increases, leading to large drive
current variations. Typically, for every nanometer of spacer thickness increase, the UC-to-
UC distance increases by around 2 nm. In this sense, forming source/drain epi-tips using
conventional methods at least in some cases permits the thickness of the offset spacers to
have a significant impact on the performance of the MOS device. As will be appreciated
in light of this disclosure, some embodiments of the present invention provide methods of
forming sclf-aligned and cpitaxially dcposited source and drain tips that address such
issucs.

Architecture and Methodology

Figure 2 is a method 200 of building a MOS transistor with self-aligned source and

drain epi-tips, in accordance with an embodiment of the present invention. Figures 3A
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