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(57) ABSTRACT

Techniques are disclosed for forming transistor devices hav-
ing source and drain regions with high concentrations of
boron doped germanium. In some embodiments, an in situ
boron doped germanium, or alternatively, boron doped sili-
con germanium capped with a heavily boron doped germa-
nium layer, are provided using selective epitaxial deposition
in the source and drain regions and their corresponding tip
regions. In some such cases, germanium concentration can
be, for example, in excess of 50 atomic % and up to 100
atomic %, and the boron concentration can be, for instance, in
excess of 1E20 cm™—>. A buffer providing graded germanium
and/or boron concentrations can be used to better interface
disparate layers. The concentration of boron doped in the
germanium at the epi-metal interface eftectively lowers para-
sitic resistance without degrading tip abruptness. The tech-
niques can be embodied, for instance, in planar or non-planar
transistor devices.
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TRANSISTORS WITH HIGH
CONCENTRATION OF BORON DOPED
GERMANIUM

BACKGROUND

[0001] Increased performance of circuit devices including
transistors, diodes, resistors, capacitors, and other passive and
active electronic devices formed on a semiconductor sub-
strate 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 semicon-
ductor (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.

[0002] 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 ofthis, in turn, affects the ability of the tip regions
to maximize dopant concentration and come into close prox-
imity of the channel region. Accordingly, improved methods
or structures are needed to overcome the limitations of con-
ventional tip regions.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] FIG. 1A illustrates a conventional MOS device that
includes source and drain tip regions formed using implanta-
tion and diffusion.

[0004] FIG. 1B illustrates a MOS device that includes
source and drain epitaxial tips configured in accordance with
an embodiment of the present invention.

[0005] FIG.1C illustrates how spacer thickness can impact
etching of epitaxial tips of a MOS device.

[0006] FIG. 1D is a graph illustrating the dependence of
UC-to-UC distance on spacer thickness.

[0007] FIG. 2 is a method of forming source and drain
epitaxial tips in accordance with an embodiment of the
present invention.

[0008] FIGS. 3A to 3] illustrate structures that are formed
when carrying out the method of FIG. 2, in accordance with
various embodiment of the present invention.

[0009] FIG. 4 shows a perspective view of a FinFET tran-
sistor architecture, configured in accordance with one
embodiment of the present invention.

[0010] FIG. 5 is a graph illustrating how the UC-to-UC
distance of a MOS device formed in accordance with an
embodiment of the present invention is less dependent on
spacer thickness.

[0011] FIG. 6A illustrates Schottky barrier nickel ger-
manide (NiGe) diode measurements, confirming that the
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NiGe workfunction is about 85 mV of the valance band edge,
in accordance with some embodiments of the present inven-
tion.

[0012] FIG. 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

[0013] Techniques are disclosed for forming transistor
devices having source and drain regions with high concentra-
tions of boron doped germanium. The techniques can be used,
for example, to extend self-aligned epitaxial tip (SET) tran-
sistors 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, selec-
tive 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 respec-
tive tip regions. In such cases, the germanium concentration
can be, for example, in the range 0f 20 atomic % to 100 atomic
%, and the boron concentration can be, for instance, in the
range of 1 E20 cm™ to 2E21 cm™ (e.g., germanium concen-
tration in excess of 50 atomic % and boron concentration in
excess of 2E20 cm™). An optional thin buffer with graded
germanium and/or boron concentration can be used as an
interfacial layer to the underlying substrate material or mate-
rials 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 germa-
nium cap. In still other embodiments, the boron doped ger-
manium 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 concentra-
tion 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 tran-
sistor devices.

[0014] General Overview

[0015] 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). Convention-
ally, 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. Like-
wise, the drain tip region is formed in the area 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.

[0016] In more detail, FIG. 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
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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 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 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 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. 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 prop-
erties 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 chan-
nel region 120. Although highly desired, it is nearly impos-
sible to make the dopant concentration proximate to the chan-
nel region 120 very high without driving the dopant into the
channel region 120. Furthermore, 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.

[0017] FIG. 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 FIG.
1A.

[0018] 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 FIG. 1B. Note the epitaxial fill
may be raised relative to the surface of substrate 102, as
further shown in FIG. 1B.

Page 13 of 22

Jun. 21, 2012

[0019] In accordance with some embodiments of the
present invention, a graded buffer may be used in more or
more locations of the structure, depending on factors such as
the substrate composition and extent to which misfit disloca-
tion is to be inhibited 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 III-V compound
semiconductors. Thus, and by way of example, in an embodi-
ment 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 sub-
strate 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 com-
position graded from a base level concentration compatible
with the underlying silicon substrate or silicon germanium
substrate up to 100 atomic % (or near 100 atomic %, such as
in excess 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
1 E20 cm™>, or 5SE20 cm™>). 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 con-
stant 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 concentra-
tion 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 0f 30
to 120 Angstroms (A), such as 50 to 100 A (e.g., 60 A or 65
A). As will be appreciated in light of this disclosure, such a
graded buffer beneficially lowers the Schottky-barrier height.

[0020] 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 com-
patible with the underlying substrate (e.g., in the range of 30
to 70 atomic %) up to 100 atomic %. In some such embodi-
ments, the boron concentration within this boron doped ger-
manium layer can range, for example, from a base concen-
tration at or otherwise compatible with the underlying
substrate up to a desired high concentration (e.g., in excess of
1 E20 cm™).

[0021] 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.
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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 concen-
tration 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 concen-
tration at or otherwise compatible with the underlying SiGe
layer up to a desired high concentration (e.g., in excess of 1
E20 cm™3, 2E20 cm™3, 3E20 cm™>, 4E20 cm™3, or 5E20
cm™).

[0022] 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
example, and in accordance with one example embodiment,
the boron doped SiGe layer can be configured with a germa-
nium concentration graded from a base level concentration
compatible with the underlying substrate (e.g., in the range of
30to 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 1 E20 cm™).

[0023] 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) 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 example, 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., 90 nm, 65 nm, 45 nm, 32 nm, 22 nm, 14 nm, and
10 nm 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.

[0024] 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
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channel region 120 that increases hole mobility and therefore
decreases resistance in the channel. Another advantage of a
SET architecture configured in accordance with some
embodiments of the present invention is that the interface
between the source/drain epi-tips 110B and 112B and the
substrate material 102 that forms the channel region 120 is
abrupt. For instance, on one side of the interface is the epi-
taxially deposited boron doped germanium (B:Ge) material
(e.g., with B concentration in excess of 2E20 cm™ or 5E20
cm™>) 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 struc-
ture 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.

[0025] 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
FIGS. 1B and 1C, conventional undercut etching techniques
may result in the formation of a bulleted profile for the under-
cut region. In such cases, more of the substrate material is
etched a slight distance below the gate dielectric layer 106
than is etched directly adjacent to the gate dielectric layer
106. As such, the source epi-tip 110B and the drain epi-tip
112B each conform to that bulleted profile, which may pro-
duce a less than optimal strain in the channel region 120.
Furthermore, variance in conventional undercut etching tech-
niques 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 etch, as shown in FIGS. 1B and 1C. With refer-
ence to FIG. 1B, the MOS transistor 100B is shown having
offset 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-under-
cut (UC-1t0-UC) distance 114 separates source epi-tip 110B
from drain epi-tip 112B. With reference to FIG. 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 FIG. 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-t0-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. FIG. 1D is a graph illustrating how
spacer thickness affects the UC-to-UC distance in devices
formed using known methods. The graph provides data, rep-
resented 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
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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 self-
aligned and epitaxially deposited source and drain tips that
address such issues.

[0026] Architecture and Methodology

[0027] FIG.2 is amethod 200 of building a MOS transistor
with self-aligned source and drain epi-tips, in accordance
with an embodiment of the present invention. FIGS. 3A
through 3J illustrate example structures that are formed as the
method 200 is carried out, and in accordance with some
embodiments.

[0028] As can be seen, the method 200 begins with provid-
ing 202 a semiconductor substrate upon which a MOS device,
such as a PMOS transistor, may be formed. The semiconduc-
tor substrate may be implemented, for example, with a bulk
silicon or a silicon-on-insulator configuration. In other imple-
mentations, 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 arsenide, indium phos-
phide, 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.

[0029] The method 200 continues with forming 204 a gate
stack on the semiconductor substrate. The gate stack can be
formed as conventionally done or using any suitable custom
techniques. In some embodiments of the present invention,
the gate stack may be formed by depositing and then pattern-
ing a gate dielectric layer and a gate clectrode 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). Alter-
nate deposition techniques may be used as well, for instance,
the gate dielectric layer may be thermally grown. The gate
dielectric material may be formed, for example, from mate-
rials such as silicon dioxide or high-k dielectric materials.
Examples of high-k gate dielectric materials include, for
instance, hafnium oxide, hafnium silicon oxide, lanthanum
oxide, lanthanum aluminum oxide, zirconium oxide, zirco-
nium silicon oxide, tantalum oxide, titanium oxide, barium
strontium titanium oxide, barium titanium oxide, strontium
titanium oxide, yttrium oxide, aluminum oxide, lead scan-
dium 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 embodi-
ments, 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 typically a sacrificial material that is later
removed for a replacement metal gate (RMG) process, has a
thickness in the range of 50 A to 500 A (e.g., 100 A), in some
example embodiments. A conventional patterning process
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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 FIG. 3A.

[0030] FIG. 3A illustrates a substrate 300 upon which a
gate stack is formed. As can be seen with this example
embodiment, the gate stack includes a gate dielectric layer
302 (which 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.

[0031] With further reference to FIG. 2, after the gate stack
is formed, the method 200 continues with an ion implantation
process to highly dope portions of the substrate adjacent to the
gate stack, by implanting 206 dopants into the substrate. The
dopant used in the ion implantation process can be chosen, for
example, based on its ability to increase the etch rate of the
substrate material in which it is implanted, and the specific
dopant selected for the ion implantation process may vary
based on the substrate material(s) and the etchant used in a
subsequent etching process. Specific dopants that may be
selected to increase the etch rate of the substrate include, for
example, carbon, phosphorous, and arsenic. For instance,
carbon may be used at a dosage that ranges from 1x10'* to
1x10*® atoms/cm® using an implantation energy that falls
between 5 and 15 kilo-electron volts (keV). Phosphorous may
be used at a dosage that ranges from 1x10"* to 5x10*° atoms/
cm® using an implantation energy that falls between 1 and 5
keV. Arsenic may be used at a dosage that ranges from 1x10'*
to 5x10"° atoms/cm’ using an implantation energy that falls
between 2 and 5 keV. Other suitable dopants and dosage
schemes will be apparent in light of this disclosure. In some
embodiments, the ion implantation substantially occurs in a
vertical direction (i.e., a direction perpendicular to substrate);
while in other embodiments at least a portion of the ion
implantation process occurs in an angled direction to implant
ions below the gate stack. Note that the hard mask 306 can be
used to prevent doping of the gate electrode 304 material.
[0032] Next, the method 200 continues with annealing 207
the substrate to drive the dopants further into the substrate and
to reduce any damage sustained by the substrate during the
ion implantation process. In some embodiments, the implant-
ing 206 and subsequent annealing 207 may drive the ions to a
substrate depth that falls, for example, between 2 nm and 20
nm. The annealing 207 may be carried out at a temperature
that falls, for example, between 700° C. and 1100° C. for a
time duration of up sixty seconds or less (e.g., five seconds).
As will be appreciated, the annealing temperature and dura-
tion can vary from one embodiment to the next, depending on
factors such as the diffusion rate, substrate material, dopant
used, and desired end dopant concentration.

[0033] FIG. 3B illustrates the substrate 300 after the ion
implantation and diffusion process. As shown in this example
embodiment, the ion implantation process creates two doped
regions 308 adjacent to the gate dielectric layer 302, for the
MOS transistor being formed. When exposed to an appropri-
ate etchant, the doped regions 308 will have an etch rate that
is higher than the etch rate of the surrounding substrate mate-
rial. One of the doped regions 308 will serve as a portion of a
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source region, including its self-aligned epi-tip. The other
doped region 308 will serve as a portion of a drain region,
including its self-aligned epi-tip. In the example embodiment
shown, portions of the doped regions 308 are sited below the
gate dielectric layer 302. Note that the size of the doped
regions 308, including their depth, may vary based on the
requirements of the MOS transistor being formed.

[0034] Next, the method 200 continues with forming 208
spacers on either side of the gate stack. The spacers may be
formed, for example, using conventional materials such as
silicon oxide, silicon nitride, or other suitable spacer materi-
als. The width of the spacers may generally be chosen based
on design requirements for the MOS transistor being formed.
In accordance with some embodiments, however, the width of
the spacers is not subject to design constraints imposed by the
formation of the source and drain epi-tips. FIG. 3C illustrates
the substrate 300 with spacers 310 formed on either side of the
gate electrode layer 304 and the gate dielectric layer 302, in
accordance with an example embodiment.

[0035] With further reference to FIG. 2, the method 200
continues with dry etching 210 the doped regions of the
substrate to form cavities in which source/drain regions
including their respective epi-tips may be formed. As best
seen with reference to FIG. 3D, the etched cavities are gen-
erally adjacent to the gate stack, and the epi-tip areas are
effectively extensions of the source/drain cavity regions. In
some example embodiments, the etched cavities may be
formed to a depth that falls between 50 nm and 1500 nm,
which can be deeper than the doped regions. In a more general
sense, the etch depth can be set as needed, based on desired
MOS device performance. In some embodiments, the dry
etch process can use an etchant recipe that complements the
dopant used in the ion implantation process to increase the
etch rate of the doped regions, thereby enabling the etching
process to remove substrate material from the doped regions
at a faster rate than the remainder of the substrate 300. Insome
embodiments, this includes portions of the doped regions that
undercut the spacers 310 and the gate dielectric layer 302,
thereby defining the self-aligned tip architecture of the tran-
sistor. Increasing the etch rate of the doped regions enables
the etched source and drain tip cavities to undercut the spacers
310 and the gate dielectric layer 302 without the UC-to-UC
distance being substantially impacted by factors such as the
thickness of the spacers, variations in the dry etch process,
and other process variations.

[0036] Inaccordance with some embodiments, the dry etch
process may use a chlorinated chemistry that takes place in a
plasma reactor. In some specific such embodiments, the
etchant recipe may include a combination of NF; and Cl, with
argon or helium used as a buffer or carrier gas. In accordance
with some such embodiments, the flow rate for the active
etchant species may vary, for example, between 50 and 200
standard cubic centimeters per minute (SCCM) while the
flow rate of the carrier gas may vary, for example, between
150 and 400 SCCM. A high energy plasma may be employed
at a power that ranges, for instance, from 700W to 1100W
with a low RF bias of less than 100W, in accordance with
some such embodiments. The reactor pressure may range
from around 1 pascal (Pa) to around 2 Pa, in accordance with
some such embodiments. In another specific example
embodiment, the etchant chemistry may include a combina-
tion of HBr and Cl,. In some such embodiments, the flow rate
for the etchant species may vary, for example, between 40
SCCM and 100 SCCM. A high energy plasma may be
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employed at a power that ranges from around 600W to around
1000W with a low RF bias of less than 100W, and the reactor
pressure may range from around 0.3 Pa to around 0.8 Pa, in
accordance with some such embodiments. In yet another
example embodiment, the etchant chemistry may include a
combination of Ar and Cl,. In some such embodiments, the
flow rate for the etchant species may vary, for example,
between 40 SCCM and 80 SCCM. A medium energy plasma
may be employed at a power that ranges from around 400W
to around 800W with a high RF bias of between around 100W
and 200W, and the reactor pressure may range from around 1
Pa to around 2 Pa, in accordance with some such embodi-
ments. The dry etch process times for each of these example
embodiments may be, for example, up to 60 seconds per
substrate, but can vary depending factors such as desired etch
depth and etchant. Such etch process parameters may vary, as
will be appreciated.

[0037] FIG. 3D illustrates the substrate 300 after the dry
etch process has been carried out, in accordance with some
embodiments of the present invention. As shown, a source
region cavity 312 and a drain region cavity 314 are formed. In
addition, a source tip cavity 312 A and a drain tip cavity 314A
have been formed as extensions of cavities 312 and 314,
respectively, by the etching 210 of the doped regions as pre-
viously discussed. Note that the thickness of the spacers 310
has minimal impact on the etching of the source tip cavity
312A and the drain tip cavity 314A due to the use of dopants
and etchant recipes that increase the etch rate of the doped
regions during etching 210.

[0038] After the dry etch process has completed, and with
further reference to FIG. 2, the method of this example
embodiment continues with wet etching 212 to clean and
further etch the source region cavity 312 and its source epi-tip
cavity 312A, as well as the drain region cavity 314 and its
drain epi-tip cavity 314A. The wet etching 212, which can be
carried out using conventional or custom wet etch chemis-
tries, can be used to remove contaminants such as carbon,
fluorine, chlorofluorocarbons, and oxides such as silicon
oxide to provide a clean surface upon which subsequent pro-
cesses may be carried out. In addition, and assuming a
monocrystalline silicon substrate, the wet etching 212 may
also be used to remove a thin portion of the substrate along the
<111> and <001> crystallographic planes to provide a
smooth surface upon which a high quality epitaxial deposi-
tion may occur. In some example cases, the thin portion ofthe
substrate that is etched away may be, for example, up to 5 nm
thick and may also remove residual contaminants. As best
shown in FIG. 3E, the wet etching 212 causes edges of the
source region cavity 312 and its epi-tip region 312A, as well
as the drain region cavity 314 its epi-tip region 314A to follow
the <111> and <001> crystallographic planes. Further note
that the source and drain epi-tip regions 312A and 314A do
not have the bulleted profile that occurs in conventional pro-
cessing.

[0039] After the wet etch process has completed, and with
further reference to FIG. 2, the method 200 continues with
epitaxially depositing 214 in the source/drain and respective
tip cavities either an in situ boron doped germanium (with an
intervening thin buffer in some cases), or boron doped silicon
germanium capped with a heavily boron doped germanium
layer. This epitaxial deposition fills the source and drain cavi-
ties including their respective epi-tip regions in one process,
in accordance with some embodiments. A CVD process or
other suitable deposition technique may be used for the
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depositing 214. For example, the depositing 214 may be
carried out in a CVD reactor, an LPCVD reactor, or an ultra
high vacuum CVD (UHVCVD). In some example cases, the
reactor temperature may fall, for instance, between 600° C.
and 800° C. and the reactor pressure may fall, for instance,
between 1 and 760 Ton. The carrier gas may include, for
example, hydrogen or helium at a suitable flow rate, such as
between 10 and 50 SLM. In some specific embodiments, the
deposition may be carried out using a germanium source
precursor gas such as GeH, that is diluted in H, (e.g., the
GeH, may be diluted at 1-5%). For instance, the diluted GeH,,
may be used at a 1% concentration and at a flow rate that
ranges between 50 and 300 SCCM. For an in situ doping of
boron, diluted B,H, may be used (e.g., the B,H, may be
diluted in H, at 1-5%). For instance, the diluted B,H, may be
used at a 3% concentration and at a flow rate that ranges
between 10 and 100 SCCM. In some example cases, an etch-
ing agent may be added to increase the selectivity of the
deposition. For instance, HCI or Cl, may be added at a flow
rate that ranges, for example, between 50 and 300 SCCM.

[0040] In accordance with some example embodiments of
the present invention, and as best shown in FI1G. 3F, the source
and drain region cavities 312/314 along with their respective
tip regions 312A/314A are filled with in situ boron doped
germanium, thereby forming source region 318 (along with
epi-tip 318A) and drain region 320 (along with drain epi-tip
320A) of a MOS transistor 316 in substrate 300. In some such
embodiments, the boron doped germanium has a boron con-
centration in excess of SE20 cm™, such as 2E21 cm™ or
higher. The thickness of the boron doped germanium depos-
ited layer may range, for example, from 50 to 500 nm (e.g.,
120 nm), in accordance with some specific embodiments,
although other layer thicknesses will be apparent in light of
this disclosure. As previously explained, some such embodi-
ments may include with a thin buffer between the pure ger-
manium layer and the substrate. For instance, and as can
further be seen in the example embodiment shown in FIG. 3F,
a source buffer 313 and a drain buffer 315 are deposited prior
to depositing the in situ boron doped germanium. In some
such 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 compat-
ible with the underlying substrate 300 material up to 100
atomic % (or near to 100 atomic % as previously described).
The thickness of the buffers 313 and 315 will vary depending
on factors such as the concentration range over which the
buffer transitions and the make-up of the underlying substrate
300. In one example embodiment having a silicon germanium
substrate, the buffer thickness ranges from 2 nm to 10 nm,
although other suitable thicknesses can be used also. In one
specific such embodiment, the boron concentration within the
buffers 313 and 315 can range, for example, from a base
concentration compatible with the underlying silicon germa-
nium substrate up to a desired concentration (e.g., in excess of
1 E20 cm™ and up to 2E21 cm™>), with two specific embodi-
ments being in excess of 2E20 cm™ or in excess of SE20
cm™>. Inamore general sense, the boron concentration can be
adjusted as necessary to provide the desired degree of con-
ductivity, as will be appreciated in light of this disclosure.

[0041] In accordance with other example embodiments of
the present invention, and as best shown in FIG. 3G, the
source and drain region cavities 312/314 along with their
respective tip regions 312A/314A are filled with in situ boron
doped silicon germanium to form source region 318 (along
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with epi-tip 318A) and drain region 320 (along with drain
epi-tip 320A) of MOS transistor 316 in substrate 300. The
boron doped silicon germanium fill is then capped with a
heavily boron doped germanium layer, to provide source cap
317 and drain cap 319. In some such bilayer construction
embodiments, the boron doped silicon germanium fill, which
may be epitaxially deposited in one or more layers, has a
germanium concentration in the range of 30 to 70 atomic %,
or higher. As previously explained, this germanium concen-
tration of the SiGe fill 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 50 atomic %, near the pure germanium cap 317/
319). The boron concentration in some such embodiments
can be inexcess of 1 E20 cm™>, such as higher than 5E20 cm™>
or 2E21 cm™, 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 1 E20 cm™ or 2E20 ¢cm™ or 3E20 ¢cm™>, etc, near cap
317/319). In embodiments where the germanium concentra-
tion of the boron doped SiGe layer is fixed, a thin graded
buffer may be used to better interface the boron doped SiGe
layer with the boron doped Ge cap, as previously explained.
The thickness of the boron doped SiGe deposited layer (or
collection of layers) 318/320 may range, for example, from
50 to 250 nm (e.g., 60 nm), and the pure germanium cap
317/319 may have a thickness in the range, for example, of 50
to 250 nm (e.g., 50 nm), in accordance with some specific
embodiments, although alternative embodiments may have
other layer and cap thicknesses, as will be apparent in light of
this disclosure. In some embodiments, note that cavities may
be created underneath the spacers during cyclical deposition-
etch processing, and those cavities can be backfilled by an
epitaxial cap layer as well (which can have, for example, the
same composition as the boron doped germanium cap 317/
319).

[0042] As will further be appreciated in light of this disclo-
sure, the combination of high germanium concentration (e.g.,
in excess of 50 atomic % and up to pure germanium) and high
boron concentration (e.g., in excess of 1 E20 cm™), such as
discussed with respect to embodiments shown in FIGS. 3F
and 3G, can be used to realize significantly higher conduc-
tance in the source and drain regions as well as their respec-
tive tip regions in PMOS SET transistor devices. 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 high
boron in the deposited stressor film. Barrier height lowering is
also enabled from the higher concentration of germanium at
the contact surface. In some example embodiments, a germa-
nium concentration in excess of 95 atomic % and up to pure
germanium (100 atomic %) can be used to achieve such
benefits.

[0043] As further shown in FIGS. 3F and 3G, unlike con-
ventional source and drain tip regions that are formed through
implant and diffusion techniques and therefore have no clear
boundary between the tip regions and the channel region, the
self-aligned source and drain epi-tips of the MOS transistor
316 have an abrupt boundary. In other words, the interface
between the source/drain epi-tips and the channel region is
clear and well-defined. On one side of the interface is the
heavily boron doped germanium layer (layer 318/320 of F1G.
3F or cap 317/319 of FIG. 3G) and on the other side of the
interface is the substrate 300 material that makes up the
channel region. The boron in the source/drain epi-tips 318A/
320A remains substantially or completely within the epi-tips
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and does not tend to diffuse into the channel region, thereby
enabling the heavily boron doped germanium material in very
close proximity to the channel region relative to conventional
techniques. For instance, in some specific embodiments, the
source/drain epi-tips 318A/320A may undercut the gate
dielectric layer 302 by more than 10 nm. This in turn enables
the gate length to be scaled down without having to shorten
the channel region.

[0044] Forming the source and drain epi-tips in relatively
close proximity to the channel region also imparts a larger
hydrostatic stress on the channel. This stress increases the
strain within the channel, thereby increasing mobility in the
channel and increasing drive current. This stress can be fur-
ther amplified by increasing the germanium concentration of
the source and drain epi-tips. This is an improvement over
diffusion-based processes where the tip regions generally do
not induce a strain on the channel region.

[0045] Oncethe source and drainregions are filled in accor-
dance with an embodiment of the present invention, various
conventional MOS processing can be carried out to complete
fabrication of MOS transistor 316, such as replacement gate
oxide processes, replacement metal gate processes, anneal-
ing, and salicidation processes, that may further modify the
transistor 316 and/or provide the necessary electrical inter-
connections. For instance, after the epitaxial deposition of the
source/drain regions along with their respective tips, and with
further reference to FIG. 2, the method 200 may continue with
depositing 216 an interlayer dielectric (ILD) over the transis-
tor 316, and then planarizing the ILD layer as commonly
done. The ILD layer may be formed using materials known
for the applicability in dielectric layers for integrated circuit
structures, such as low-k dielectric materials. Such dielectric
materials include, for example, oxides such as silicon dioxide
(8i0,) and carbon doped oxide (CDO), silicon nitride,
organic polymers such as pertluorocyclobutane or polytet-
rafluoroethylene, fluorosilicate glass (FSG), and organosili-
cates such as silsesquioxane, siloxane, or organosilicate
glass. In some example configurations, the ILD layer may
include pores or other voids to further reduce its dielectric
constant. FIG. 3H illustrates an example ILD layer 322 that
has been deposited and then planarized down to the hard mask
306.

[0046] Next, in some embodiments of the present invention
where a replacement metal gate process is used, the method
200 continues with removing 218 the gate stack (including
the high-k gate dielectric layer 302, the sacrificial gate elec-
trode 304, and the hard mask layer 306) using an etching
process as conventionally done. In alternate implementa-
tions, only the sacrificial gate 304 is removed. FIG. 31 illus-
trates 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 220 a new gate dielectric layer into the trench
opening. Any suitable high-k dielectric materials such as
those previously described may be used here, such as hatnium
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.

[0047] The method 200 may then continue with depositing
222 the metal gate electrode layer into the trench and over the
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gate dielectric layer. Conventional metal deposition pro-
cesses may be used to form the metal gate electrode layer,
such as CVD, ALD, PVD, electroless plating, or electroplat-
ing. The metal gate electrode layer may include, for example,
a P-type workfunction metal, such as ruthenium, palladium,
platinum, cobalt, 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 followed by
a suitable metal gate electrode fill metal such as aluminum.
FIG. 3] illustrates an example high-k gate dielectric layer 324
and a metal gate electrode 326 that have been deposited into
the trench opening, in accordance with one embodiment.
[0048] Metalization of the source and drain contacts can be
carried out using a silicidation process (generally, deposition
of contact metal and subsequent annealing). For instance,
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 can be used to form alow resistance germanide. The
boron doped germanium epi layer allows for metal-ger-
manide formation (e.g., nickel-germanium). The germanide
allows for significantly lower Schottky-barrier height and
improved contact resistance (including Rext) over that in
conventional metal-silicide systems. For instance, conven-
tional transistors typically use a source/drain SiGe epi pro-
cess, with germanium concentration in the range of 30-40
atomic %. Such conventional systems exhibit Rext values of
about 140 Ohm™*um, limited by epi/silicide interfacial resis-
tance, which is high and may impede future gate pitch scaling.
Some embodiments of the present invention allow for a sig-
nificant improvement in Rext in PMOS devices (e.g., about a
2x improvement, or a Rext of about 70 Ohm*um), which can
better support PMOS device scaling. Thus, transistors having
a source/drain configured with heavily boron doped germa-
nium in accordance with an embodiment of the present, with
a boron concentration in excess of 1 E20 cm™ and a germa-
nium concentration in excess of 50 atomic % and up to or
otherwise near pure germanium (100 atomic %) at the inter-
face between the source/drain epi-tips and the channel region,
can exhibit Rext 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.

[0049] Accordingly, self-aligned source and drain epi-tips
have been disclosed that reduce the overall resistance of the
MOS transistor and increase channel strain due to increased
boron doped germanium volume (e.g., boron doped germa-
nium or boron doped silicon germanium volume with a ger-
manium cap). In some such embodiments, the source and
drain epi-tips do not have a bulleted profile, form an abrupt
boundary between the channel region and the source and
drain regions, and/or have a doping concentration that is more
readily controlled, yielding a more optimized source-drain
profile. Furthermore, by selecting an appropriate combina-
tion of a dopant and an etchant recipe in accordance with
some embodiments, the source and drain epi-tips can be
etched without being substantially impacted by the spacer
thickness. This self-aligned process can therefore be used to
increase performance while minimizing process variation,
where desirable to do so.

[0050] FinFET Configuration

[0051] As is known, FinFET is a transistor built around a
thin strip of semiconductor material (generally referred to as
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the fin). The transistor includes the standard field effect tran-
sistor (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 surface) as well as
along the top of the fin (side parallel to the substrate surface).
Because the conductive channel of such configurations essen-
tially 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).

[0052] FIG. 4 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 400 having a semiconduc-
tor body or fin 260 (represented by dashed lines) extending
from the substrate 400 through isolation regions 710, 720. 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 opposite
sidewalls of the gate electrode 340. A source region com-
prises the epitaxial region 531 formed on a recessed source
interface 266 and on one fin 260 sidewall, and a drain region
comprises the epitaxial region 531 formed on a recessed
source interface 266 and on the opposing fin 260 sidewall (not
shown). A cap layer 541 is deposited over the epitaxial
regions 531. In one embodiment, the isolation regions 710,
720 are shallow trench isolation (STI) regions formed by
common techniques, such as etching the substrate 200 to form
trenches, and then depositing oxide material onto the trenches
to form the STIregions. The isolation regions 710, 720 can be
made from any well known insulative material, such as SiO,.
The previous discussion with respect to the substrate 102 is
equally applicable here (e.g., substrate 400 may be a silicon
substrate, or SOI substrate, or a multi-layered substrate).

[0053] As will be appreciated in light of this disclosure,
conventional processes and forming techniques can be used
to fabricate the tri-gate transistor structure. However, and in
accordance with one example embodiment of the present
invention, the bilayer structure of the epitaxial region 531 and
cap layer 541 can be implemented using an in situ boron
doped silicon germanium capped with a heavily boron doped
germanium, with an optional germanium and/or boron
graded buffer between the two bilayers. As previously
explained, such a buffer may be used to transition from a base
level germanium/boron concentration compatible with the
boron doped SiGe deposited for epitaxial region 531 in the
recessed source interface 266 to the heavily boron doped
germanium cap 541. Alternatively, germanium and/or boron
concentration grading can be implemented directly in the
epitaxial region 531, 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 260.

[0054] FIG. 5is a graph illustrating an improvement made
available by using self-aligned source and drain epi-tips con-
figured in accordance with one example embodiment of the
present invention. Line 500 represents data collected for
MOS devices built using techniques provided herein. As
shown, the UC-to-UC distance is much less impacted by
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spacer thickness than devices formed using conventional pro-
cesses, the data for which is again represented by line 118.
FIGS. 6A and 6B further demonstrate improvements enabled
by using self-aligned source and drain epi-tips configured in
accordance with one example embodiment of the present
invention. In particular, FIG. 6A illustrates Schottky barrier
NiGe diode measurements (leakage v. voltage), confirming
that the nickel-germanium workfunction is very p-type
(roughly 85 mV above the Ge valance band). FIG. 6B plots
simulation data that shows that such germanide materials and
Schottky barrier height improvement enables more than a 2x
Rext 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 rectifying barrier for electrical
conduction across a semiconductor-metal junction. The mag-
nitude of the Schottky barrier height reflects a mismatch in the
energy position of the metal’s Fermi level and the majority
carrier band edge of the semiconductor across the semicon-
ductor-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 maxi-
mum of the semiconductor.

[0055] Thus, and as will be appreciated in light of this
disclosure, various embodiments of the present invention pro-
vided herein can be used to address several transistor scaling
issues, such as providing for higher channel mobility with
pitch and power supply (Vcc) scaling, providing reduced
source/drain and contact resistance, providing for improved
channel abruptness, providing reduced barrier height
between salicide and source/drain to minimize overall para-
sitic resistance, particularly in planar and non-planar archi-
tectures. Numerous embodiments will be apparent in light of
this disclosure.

[0056] One example embodiment of the present invention
provides a transistor device. The device includes a substrate
having a channel region. The device further includes 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 formed
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, wherein the source and drain regions comprise a
boron doped germanium layer having a germanium concen-
tration in excess of 50 atomic % and a boron concentration in
excess of 1 E20 cm™. In one such case, the device is one of a
planar or FinFET PMOS transistor. In another such case, the
device may include metal-germanide source and drain con-
tacts. In another such case, the device may include an inter-
layer dielectric over the source and drain regions. In another
such case, the device may include a buffer between the sub-
strate and the boron doped germanium layer. In one such
specific case, the buffer has a germanium concentration that is
graded from a base level concentration compatible with the
substrate to a high concentration in excess of 95 atomic %. In
another such specific case, the buffer has a boron concentra-
tion that is graded from a base level concentration compatible
with the substrate to a high concentration in excess of 1E20
cm™>. In another particular embodiment, the boron doped
germanium layer has a bilayer construction comprising a
boron doped silicon germanium portion and a boron doped
germanium cap thereon. In one such specific case, the boron
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doped silicon germanium portion has a germanium concen-
tration that is graded from a base level concentration compat-
ible with the substrate to a high concentration in excess of 50
atomic %, and the boron doped germanium cap has a germa-
nium concentration in excess of 95 atomic %. In another such
specific case, the boron doped silicon germanium portion has
a boron concentration that is graded from a base level con-
centration compatible with the substrate to a high concentra-
tionin excess of 1 E20 cm™>. In another such specific case, the
boron doped silicon germanium portion has a fixed germa-
nium concentration, and the device further comprises a buffer
between the boron doped silicon germanium portion and the
boron doped germanium cap, the buffer having a germanium
concentration that is graded from a base level concentration
compatible with the boron doped silicon germanium portion
to a high concentration in excess of 50 atomic %, and a boron
concentration that is graded from a base level concentration
compatible with the boron doped silicon germanium portion
to a high concentration in excess of 1 E20 cm™. In another
particular case, the transistor has a Rext value of less than 100
Ohm*um (such as Rext=70 Ohm*um, +/-10%). As will be
appreciated, the boron concentration can be set higher based
on factors such as desired conductivity, and in some such
example cases is in excess of 2620 cm™ or 3E20 cm™ or
4F20 em™ or 5E20 em™ 2E21 cm™.

[0057] Another embodiment of the present invention pro-
vides a transistor device. In this example case, the device
includes a substrate having a channel region and a gate elec-
trode 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 formed 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, wherein the source and drain regions comprise a
boron doped germanium layer having a germanium concen-
tration in excess of 50 atomic % and a boron concentration in
excess of 2E20 cm™. The device further includes metal-
germanide source and drain contacts. In some such cases, the
device may further include a buffer between the substrate and
the boron doped germanium layer, wherein the buffer has a
germanium concentration that is graded from a base level
concentration compatible with the substrate to a high concen-
tration in excess of 95 atomic %, and a boron concentration
that is graded from a base level concentration compatible with
the substrate to a high concentration in excess of 2E20 cm ™.
Inother example cases, the boron doped germanium layer has
a bilayer construction comprising a boron doped silicon ger-
manium portion and a boron doped germanium cap thereon.
In some such specific cases, the boron doped silicon germa-
nium portion has 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 cap has a germanium concentration
in excess of 95 atomic %. In some such specific embodiments,
the boron doped silicon germanium portion has a boron con-
centration that is graded from a base level concentration com-
patible with the substrate to a high concentration in excess of
2E20 cm™>. In other specific cases, the boron doped silicon
germanium portion has a fixed germanium concentration, and
the device further comprises a thin buffer between the boron
doped silicon germanium portion and the boron doped ger-
manium cap, the buffer having a germanium concentration
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that is graded from a base level concentration compatible with
the boron doped silicon germanium portion to a high concen-
tration in excess of 50 atomic %, and a boron concentration
that is graded from a base level concentration compatible with
the boron doped silicon germanium portion to a high concen-
tration in excess of 2E20 cm ™, the buffer having a thickness
ofless than 100 Angstroms.

[0058] Another embodiment of the present invention pro-
vides 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 and spacers are provided on sides of
the gate electrode. The method continues with forming 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, wherein the source and
drain regions comprise a boron doped germanium layer hav-
ing a germanium concentration in excess of 50 atomic % and
a boron concentration in excess of 1 E20 cm™. In some such
embodiments, the method further includes providing a buffer
between the substrate and the boron doped germanium layer,
wherein the buffer has a germanium concentration that is
graded from a base level concentration compatible with the
substrate to a high concentration in excess of 95 atomic %,
and a boron concentration that is graded from a base level
concentration compatible with the substrate to a high concen-
tration in excess of 1 E20 cm™>. In other embodiments, the
boron doped germanium layer has a bilayer construction
comprising a boron doped silicon germanium portion and a
boron doped germanium cap thereon. In one such case, the
boron doped silicon germanium portion has 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 cap
has a germanium concentration in excess of 95 atomic %. In
another such case, the boron doped silicon germanium por-
tion has a fixed germanium concentration, and the method
further includes providing a buffer between the boron doped
silicon germanium portion and the boron doped germanium
cap, the buffer having a germanium concentration that is
graded from a base level concentration compatible with the
boron doped silicon germanium portion to a high concentra-
tion in excess of 50 atomic %, and a boron concentration that
is graded from a base level concentration compatible with the
boron doped silicon germanium portion to a high concentra-
tion in excess of 1 E20 cm-3. In some such cases, the boron
doped silicon germanium portion has a boron concentration
that is graded from a base level concentration compatible with
the substrate to a high concentration in excess of 1 E20 cm™.

[0059] The foregoing description of example embodiments
of the invention has been presented for the purposes of illus-
tration 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 dis-
closure. For instance, while some embodiments of the present
invention utilize in situ boron doping of germanium, other
embodiments may use an intrinsic germanium that after its
deposition is subsequently subjected to boron implantation
and annealing processes to provide the desired boron doping
concentration. Moreover, some embodiments may include
source and drain regions fabricated as described herein (e.g.,
having a germanium concentration in excess of 50 atomic %
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and a boron concentration in excess of 1 E20 cm™), but still
use conventional processing (e.g., implantation and anneal-
ing) to form the tips of the source and drain regions. In such
embodiments, the tips may have a lower germanium and/or
boron concentration than the main source/drain region, which
may be acceptable in some applications. In still other embodi-
ments, only tips of the source and drain regions may be
configured with the high germanium and boron concentra-
tions and the main portions of the source and drain regions
may have conventional or otherwise lower germanium/boron
concentrations. It is intended that the scope of the invention
be limited not by this detailed description, but rather by the
claims appended hereto.

What is claimed is:

1. A transistor device, comprising:

a substrate having a channel region;

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; and

source and drain regions formed in the substrate and adja-
cent 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 spac-
ers, wherein the source and drain regions comprise a
boron doped germanium layer having a germanium con-
centration in excess of 50 atomic % and a boron concen-
tration in excess of 1 E20 cm™.

2. The device of claim 1 wherein the device is one of a

planar or FinFET PMOS transistor.

3. The device of claim 1 further comprising metal-ger-
manide source and drain contacts.

4. The device of claim 1 further comprising an interlayer
dielectric over the source and drain regions.

5. The device of claim 1, the device further comprising:

a buffer between the substrate and the boron doped germa-

nium layer.

6. The device of claim 5 wherein the buffer has a germa-
nium concentration that is graded from a base level concen-
tration compatible with the substrate to a high concentration
in excess of 95 atomic %.

7. The device of claim 6 wherein the high concentration
reflects pure germanium.

8. The device of claim 5 wherein the buffer has a boron
concentration that is graded from a base level concentration
compatible with the substrate to a high concentration in
excess of 1 E20 cm™.

9. The device of claim 1 wherein the boron doped germa-
nium layer has a bilayer construction comprising a boron
doped silicon germanium portion and a boron doped germa-
nium cap thereon.

10. The device of claim 9 wherein the boron doped silicon
germanium portion has 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 cap has a germanium con-
centration in excess of 95 atomic %.

11. The device of claim 9 wherein the boron doped silicon
germanium portion has a boron concentration that is graded
from a base level concentration compatible with the substrate
to a high concentration in excess of 1E20 cm™.

12. The device of claim 9 wherein the boron doped silicon
germanium portion has a fixed germanium concentration, and
the device further comprises a buffer between the boron
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doped silicon germanium portion and the boron doped ger-
manium cap, the buffer having a germanium concentration
that is graded from a base level concentration compatible with
the boron doped silicon germanium portion to a high concen-
tration in excess of 50 atomic %, and a boron concentration
that is graded from a base level concentration compatible with
the boron doped silicon germanium portion to a high concen-
tration in excess of 1 E20 cm™.

13. The device of claim 9 wherein the transistor has a Rext
value of less than 100 Ohm*um.

14. A transistor device, comprising:

a substrate having a channel region;

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;

source and drain regions formed in the substrate and adja-
cent 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 spac-
ers, wherein the source and drain regions comprise a
boron doped germanium layer having a germanium con-
centration in excess of 50 atomic % and a boron concen-
tration in excess of 2E20 cm™; and

metal-germanide source and drain contacts.

15. The device of claim 14, the device further comprising:

a buffer between the substrate and the boron doped germa-
nium layer, wherein the buffer has a germanium concen-
tration that is graded from a base level concentration
compatible with the substrate to a high concentration in
excess of 95 atomic %, and a boron concentration that is
graded from a base level concentration compatible with
the substrate to a high concentration in excess of 2E20
cm.

16. The device of claim 14 wherein the boron doped ger-
manium layer has a bilayer construction comprising a boron
doped silicon germanium portion and a boron doped germa-
nium cap thereon.

17. The device of claim 16 wherein the boron doped silicon
germanium portion has 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 cap has a germanium con-
centration in excess of 95 atomic %.

18. The device of claim 17 wherein the boron doped silicon
germanium portion has a boron concentration that is graded
from a base level concentration compatible with the substrate
to a high concentration in excess of 2E20 cm™.

19. The device of claim 16 wherein the boron doped silicon
germanium portion has a fixed germanium concentration, and
the device further comprises a thin buffer between the boron
doped silicon germanium portion and the boron doped ger-
manium cap, the buffer having a germanium concentration
that is graded from a base level concentration compatible with
the boron doped silicon germanium portion to a high concen-
tration in excess of 50 atomic %, and a boron concentration
that is graded from a base level concentration compatible with
the boron doped silicon germanium portion to a high concen-
tration in excess of 2E20 cm ™, the buffer having a thickness
ofless than 100 Angstroms.

20. A method for forming a transistor device, comprising:

providing a substrate having a channel region;

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

forming source and drain regions in the substrate and adja-

cent 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 spac-
ers, wherein the source and drain regions comprise a
boron doped germanium layer having a germanium con-
centration in excess of 50 atomic % and a boron concen-
tration in excess of 1 E20 cm™.

21. The method of claim 20, further comprising:

providing a buffer between the substrate and the boron

doped germanium layer, wherein the buffer has a ger-
manium concentration that is graded from a base level
concentration compatible with the substrate to a high
concentration in excess of 95 atomic %, and a boron
concentration that is graded from a base level concen-
tration compatible with the substrate to a high concen-
tration in excess of 1 E20 cm™.

22. The method of claim 20 wherein the boron doped
germanium layer has a bilayer construction comprising a
boron doped silicon germanium portion and a boron doped
germanium cap thereon.

Page 22 of 22

11

Jun. 21, 2012

23. The method of claim 22 wherein the boron doped
silicon germanium portion has 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 cap has a germanium con-
centration in excess of 95 atomic %.

24. The method of claim 22 wherein the boron doped
silicon germanium portion has a fixed germanium concentra-
tion, and the method further comprises providing a buffer
between the boron doped silicon germanium portion and the
boron doped germanium cap, the buffer having a germanium
concentration that is graded from a base level concentration
compatible with the boron doped silicon germanium portion
to a high concentration in excess of 50 atomic %, and a boron
concentration that is graded from a base level concentration
compatible with the boron doped silicon germanium portion
to a high concentration in excess of 1 E20 cm™.

25. The method of claim 24 wherein the boron doped
silicon germanium portion has a boron concentration that is
graded from a base level concentration compatible with the
substrate to a high concentration in excess of 1 E20 cm™.
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