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SELECTIVE GERMANIUM P-CONTACT METALIZATION THROUGH TRENCH

RELATED APPLICATION
[6001] This apphcation 15 a continuation-i-part of U.S. Apphication No. 12/975278 filed
December 21, 2010,

BACKGROUND

[0002] Increased performance of circuit devices mcluding transistors, diodes, resistors,
capacitors, and other passive and active electronic devices formed on a senuconduoctor substrate
is typically a magor factor considered duning 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 1 a complementary metal oxade
semiconductor {CMOSY, it 1s often desired to nunimize the parasitic resistance assocated with
contacts otherwise known as external resistance Req. Decreased Row enables higher current from

an equal transistor design.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] TFigwre 1A illustrates a MOS device configored with a boron doped germantum layer
between the source/drain layver and contact metals, in accordance with an embodimeni of the
prasent inventon.

[0004] Figwre 1B illustrates a MOS device configured with a boron doped germantum layer
between the source/dramn laver and contact metals, in accordance with another embodiment of
the present mvention.

[0005] Figwre 1C tlustrates a MOS device configured with a boron doped germantum layer
between the source/drain laver and contact metals, in accordance with another embodiment of

the present mvention.
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[8006] Tigure 2 is a method for forming a transistor structure with low contact resistance mn
accordance with an embodiment of the present invention.

[8007]  Figwres 3A 1o 3] illustrate structures that are formed when carrying out the method of
Figure 2, w accordance with various embodiment of the present invention.

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

[0009]  Figures SA to SF 1llustrate structuves that are formed when carrving out the methoed of
Figure 4, w 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 sphit lot showing contact resistance for transistor structures
configured with in accordance with embodiments of the present invention and standard transistor
structores configured with no cap.

[90012] Figure 8 illustrates a computing svstem implemented with one or more transistor
structures 1n accordance with an example embodiment of the present invention.

[0813]  As will be appreciated, the figures are not necessanly drawn to scale or mtended fo
hinut the claimed mvention to the specific configurations shown., For mnstance, while some
figures generally indicate straight Hnes, right angles, and smooth swrfaces, an actual
mmplementation of a transistor structure may have less than perfect straight hnes, right angles,
and some features may have surface topology or otherwise be non-smooth, grven real world
hmitations of the processing equipment and techniques used. in short, the figures are provided

merely to show example structures.

DETAILED DESCRIPTION
[0014]  Techniques are disclosed for forming transistor devices having reduced parasstic
contact resistance relative to conventional devices. The technmiques can be implemented, for
example, using a standard contact stack such as a series of metals on sihicon or silicon
germanium {SiGe} sourceddrain regions. In accordance with one example such embodment, an
mtermediate boron doped germaninm laver s provided between the source/drain and contact

metals to significantly reduce coniact resistance. Numerous transistor coafiguyrations and
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suitable fabrication processes will be apparent in hight of this disclosure, inclnding both planar
and non-planar transistor structures {e.¢., FinFETs), as well as stramed and unstrained channel
structures.  The techniques are particularly well-suited for mmplementing 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 achweved by
reducing device resistance. Contact resistance 18 one component of a device’s overall resistance.
A standard transistor contact stack typically includes, for example, a silicon or SiGe source/drain
taver, a nickel silicide layer, g titamum nunde adhesion laver, and a tungsten contact/pad. In
such configurations, the contact resistance 18 effectively himited by the silicon or S1Ge valence
band alignment to the pmming level m the metal. Typically, usimg industry standard silicides
such as nickel {or other suitable silicides, such as titantum, cobalt, or platinum), this results m a
band musalignment of about 0.5 eV, Thus, and i accordance with an example embodiment of
the present wvention, an intermediate boron doped permamum laver 13 provided between the
source/dramn and contact metals to significantly reduce the band nusalignment value and contact
resistance.

[0016] In oue specific example embodiment, contacts configured with the intermediate boron
doped germantum layver exhibut a reduction m the band masalignment value to less than 0.2 eV
and a corvesponding reduction 1n contact resistance of about 3X {relative to a conventional
contact stack stmularly configured, but without the itermediate boron doped germaniam laver
batween the source/drain regions and contact metal). A transmission electron microscopy
{TEM) cross section or secondary 1on mass spectrometry {SIMS) prefile can be used to show the
germanian concentration throughout the vertical stack of the film structure, as profiles of
epitaxial alfoys of sitheon and S1Ge can readily be distingaished from germanium concentration
profiles.

[0017]  Thus, transistor structures configured in accordance with embodiments of the present
mvention provide an improvement over conventional structures with respect to lower contact
resistance. Some such embodiments effectively marry supenor contact properties of germaniam
with supertor senmeonductor transistor properties of S1 and SiGe to provide next generation low
resistance contacts.  Selectivity can be achieved In vartous ways. In one embodiment, for

mstance, selectivity to n~type MOS (NMOS) source/drain locations can be provided by having
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NMOS regions masked off during p-type MOS device (PMOS) deposition.  In another
embodiment, both NMOS and PMOS reglons can be open simultancousty, but deposition ondy
occurs m the PMOS regions by way of a trench. An advantage here 15 that the low melting pont
germannam i absent during the relatively high thermal budget steps typical in the front end of a
MOS flow.  Afier wrench processing and germanium deposttion, and m accordance with one
specific such example embodiment, the structure sees no temperatures above 500°C, and
therefore the germanium overlayer 18 not w jeopardy of melting and or otherwise degrading
performance.  As will be further appreciated in hight of this disclosure, selectively mayv mclude
natural selectivity.  For mstance, while boron doped germamum grows on p-type SiGe {or
silicon) source dram regions, it does not grow on dielectnie surfaces such as silicon dioxide
{S103:) or sthicon ninde (SINY; nor does 1t grow on, for mstance, exposed heavily phosphorous
doped silicon i n-type regions.

[0018] Numerous transistor configurations and suntable fabrication processes will be apparent
m hight of this diselosuare, melading both planar and non-planar transistor structures (e.g., such as
double-pate and trigate trapsistor structures), as well as stramed and unstrained channel
structures.  Any number of such structusal features and matenial systems can be used 1n
compunction with a germanium overlaver as described berefn.  The transistor struchure may
melude p-type source/dram regions, n-type source/drain regions, or both n-type and p-tvpe
soprce/dram regions. In some example embodiments, the (ransistor structure mclades dopant-
mplanted souwrce/drain regions or epitaxial (or poly) replacement source/drain regions of silicon,
SiGe alloys, or nominally pure germanium filins {e.g., such as those with less than 10% silicon)
m a MOS structure.  In any such implementations, an overlaver or cap of boron doped
germamium can be formed duwectly over the sowrce/dram regions, in accordance with an
embodiment of the present mvention. A contact metal (or senies of metals) can then be deposited
and a subseguent reactton (annealing) can be camned out to form metal germanide source and
dram contacts. As will be appreciated, the contact may be aplemented as a stack mcluding one
or more of a silicide layer, an adhesion layer, andfor a metal pad layer. The boron doped
germantum 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 s known, a MOS transistor 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 poriions of the substrate where a dopant such as
boron or carbon s wnplanted using an implant and diffusion technique. The source tp region 18
formed in the area between the source region and the channel region. Likewise, the dram up
region 15 formed i the area between the drain region and the channel region.  Some
emnbodiments of the present ivention are configured with such conventionally formed up
regions.  In other example embodiments. fabrication techniques are employed to extend self-
ahgned epitaxial tip (SET) transistors to aclueve very pear to the theorvetical lmut of umaxial
strain. This can be accomplished, for instance, by selective epitaxial deposition in the source and
dram regions as well as thew corresponding tip regions to form a bilaver construction of horon
doped siticon or 5i1Ge (for the source/drain regions} capped with an overlaver of a boron doped
germanram layer m the sowce/dramn and respective tip regions.  The germanum and boron
concentrations cau vary, but i some example embodiments, the germamum concentration s in
the range of 20 atomic %o to 100 atomie %, and the boron concentration 1s m the range of 1520
3

an™ to 2E21 omr {e.g., germamum concentration i excess of 50 atonue % and boron

concentration in excess of 2E20 cm-Y). Note that the boron doped germanium laver may be
provided m the tip regions, but m other embodiments 15 jost provided over the source/drain
regions {and not i the tip regions).

[8020] In stull other example embodunents, an optional thin buffer with graded germanum
concentration and/or boron concentration can be used as an mterfacial laver between the
gnderlyving substrate with the source/dram layer (e.g., sitticon or SiGe). Likewise, a thin bufter
with graded germamum concentration and/or boron concentration can be used as an interfacial
laver between the source/drain laver and the boron doped germannon cap.  In still other
embodiments, the boron doped germanium overlayer or source/drain layer themselves can have &
graded germamum and/or boron concentration m a sumtlar fashion as to the optional buffers. In
any such case, since boron diffusion is suppressed in germaniom {the higher the concentration,
the greater the relative suppression), a high concentration of boron can be doped m the
germannan, which 10 twn resalts in lower parasitic ressstance and without degrading tip
abropiness.  In addition, the contact resistance 15 reduced from lowering of Schottky-barrier

height.
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Architecture and Methodology

[8021] 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 emsbodiment of the present tavention. In particular, boron doped germanium
tayer 117 15 provided between the sowrce layer 110 and contact metals 125, and boron doped
germantum layer 119 15 provided between the drain layer 112 and contact metals 127, The
source reglon 110 and the dram region 112 can be formed using any number of conventional
techniques.  In this example embodiment, for instance, the source region {10 and the drain
region 112 are formed by eiching the substrate and then epitaxially depositing a silicon or silicon
germaniam matenial {e.g , with a germanium concentration m the range of, for mstance, 10 to 70
atomic Yo},

[0022] A gate stack 122 15 formed over a channel region 120 of the transistor 100A. As can
further be seen, the gate stack 122 includes a gate dielectric faver 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 techneology wode, the spacers 108 create a distance of about 10 to 20
nanometers (mm} between the edges of the gate dislectoie fayer 106 and the edges of each of the
source and drain regions 110112, It is within this space that a sowrce tip region 110A and a
dramn tip region 112A can be formed. In this example embodiment, the np 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 smplantation-diffusion based tip regions 110A/1124, a dopant such
as boron or carbon is implanted into the source region 110 and the drain region 112, The
tranststor 100A s then annealed lo cause the dopant {o diffuse towards the channet region 120
Angled o0 implantation techmiques 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 iumplantation-
diffusion-based tip formation processes generaily do not induce a stram on the channel region.
j0023]  In apy case, and as will be appreciated wn hight of this disclosure, whether a transistor
stracture bas a stramed or unstramed channel, or source-drain tp regions or no source-dram tip
regionts, is not particularly relevant to various embodiments of the present mvention, and such
embodiments are not infended to be limited to any particular such structural features. Rather,

any number of transistor structures and types can benefit from emploving a boron doped
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germaniam overlayer as described herein. The techriques provided herein are compatible, for
mstance, with conventional dopant iplanted silicon, ratsed source/drain, stramned SiGe (or other
suitable materials), and any deposited epitaxial tip (sometimes referred to as source-drain
extensions) that extend below the gate ¢lectrode dislectric or are spaced away from the vertical
hine defined by the gate electrode dielectric.

[0024]  The germamum overlayer 1177119 1s penerally provided after formation of the
sourcefdrain regons 11O/112 and prior to formation of the contacts 125/127. The thuckness of
this overlayer 117/119 can vary from one embodmment to the next, but W 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 embodinent is in the range of 1E20 em= to 2E21 env
3 fep., in excess of 2E20 emY). The overlayer 1177119 can be selectively deposited over the
source/dram 1107112 regions {and‘or other regions as desired, such as the poly gate or grounding
tap regions). Any mumnber of suitable deposition technigues can be used to provide the overlayer
117/119 {e.g., chemical vapor deposition, molecular beam epttaxy, etc}. In accordance with one
example embodunent, the contact metals 125 and 127 each comprise a stack a mickel silicide
laver. a titapium nitride adhesion laver, and a tungsten contact/pad, and although any number of
contact metal configurations can be used as will be appreciated i light of this disclosure.
Standard deposition technigues can be used in providing the contact metals 125/127

[0025] 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/dram layer 110/112
and contact metals 125/127, m accordance with another embodiment of the present mvention.
This example configuration includes source and draan epitaxial tips (generally referred to heremn
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 laver 106. The portions of the sowrce/drain regions 110/112 that extend below
the spacers 108 {and possibly the gate dielectric laver 106} are generally referred 1o as the source
epi-tip 110B and the drain epi-tip 112B, respectively. The source and dram ept-tips 110B/112B
replace the implantation/diffusion based tip regions 110A/T12A described with regard to Figure
1AL In accordance with one embodiment, the source/drain regions 110/112 and the sowrce/drain
gpi-tips 11081128 can be formed, for example, by etching the substrate 102, which inchudes

undercutting the spacers 108 {and possibly the gate dielectric layver 106), and then using selective
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epiiaxial deposilion to provide, for instance, an in siu doped silicon, germanium, or SiGe io fill
the source/dran regions 11112 and the source/dran epi-tips TIOB/112B, as shown in Fieure
IB. Note the epitaxial fill may be raised refative to the surface of substrate 102, as further shown
m Frgure 1B, although non-rased configurations can be used as well. The germamum overlayer
H17/119 and the contact metals 123/127 can be implemented, for instance, as previousty
described with respect to Figure 1A,

[0026] Frowe 1C illustrates & MOS device 100C formed on a substrate 102 and configured
with boron doped germanium lavers 117/119 between the respective source/dramm lavers {10/112
and contact metals 125/127, s accordance with another embodiment of the present invention,
The sowrce region 110 and the dramn region 112 in this example embodiment are formed by
mmplanting dopants such as boron mto the substrate. The gate stack 122 1s formed over a channel
region 120 of the transistor 100C and is thus example case does pot include stdewalls 108, Nor
does this example transistor structure mclude an undercut or tip regions hke the embodiments
shown 1 Figuses 1A and 1B. The germanium overlayer 117/119 and the contact metals 125/127
can be mmplemented, for mstance, as previously deseribed with respect to Figare 1A,

[0027]  Numerous other variations and features can be implemented for transistor structures
configured n accordance with an embodiment of the present invention. For example, a graded
buffer may be used 1n one or more locations of the structure. For instance, the substrate 102 can
be a silicon substrate, or a sihicon film of a silicon on nsulator (SO1) substrate, or a mulii-fayered
sabstrate  comprising  silicon,  sificon  germanmm,  germaniom, andior HI-V  compound
semiconductors. Thas, and by way of example, in an embodiment having a silicon or silicon
germanium substrate 102 and an m sty boron doped SiGe fill in the sourceddrain regions
1104112 and the sowrce/dram epi-tips 110B/112B, a buffer can be provided between the
underlying substrate 102 and the source/dran material. In one such smbodiment, the buffer can
be a graded boropn doped (or mirinsic) siheon germamum laver with the pgermamiwm
concentration graded from a base level compatble with the undeddying substrate up to 100
atomic % {or near 100 atomic %, such as mn excess of 80 atomic % or 93 atomic % or 98 atomic
%). The boron concentration within this buffer can be erther fixed (e.g., at a high level) or
graded, for wstance, from a base concentration at or otherwise compatible with the underlving
substrate up to a desired high concentration {e.g., in excess of 2E20 cm?).  Note that

‘compatibality” as used herewn does not necessitate an overlap W conceatration levels (for
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instance, the germanium concentraion of undetlying substrate can be € o 20 atomic % and
matial germanium concentration of the buffer can be 30 o 40 atomic %), In addition, as used
herem, the term “fixed” with respect to a concentration level 18 intended to indicate a relatively
constant concentration level {e.¢., the lowest concentration level in the faver 1s within 10%% of the
highest concentration level within that laver). In a more general sense, a fixed concentration
fevel 1s intended to indicate the lack of an ntentionally graded concentration level. The
thickness of the buffer can vary depending on factors such as the range of concentrations being
buffered. but in sore erabodiments is in the range of 30 to 120 A, such as 30 10 100 A {e.g., 60
A or 63 Ay As will be further appreciated tn light of this disclosure, such a graded buffer
beneficially lowers the Schottky-barrier height.

[0028] Alternatively, rather than asing a thin buffer between the substrate 102 and the
sowrce/dramn regions 1107112 and the souwrce/dram epi-tips 1TOB/112B, the source/dram material
self can be graded w a simidar fashion. For example, and in accordance with one example
embodiment, boron doped S:iGe source/dram regions 1107112 and the source/dram epi-tips
HIOB/LIZB can be configured with a germamum concentration graded from a base level
concentration conpatible with the underlyving substrate {e.g., w the range of 30 to 70 atomic %
up to 100 atomic %6, In some such embodmments, 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
2820 cmd).

[0029]  In other embodiments, a buffer can be provided between the source/drain material and
the boron doped germanium overfayer 117/119.  In one such embodiment, the source/drain
matertal s a boron doped SiGe layer having a fixed concentration of germamium (e g, in the
range of 30 to 70 atomic %) and the buffer can be a thin SiGe laver {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 underlving boron doped SiGe layer up to 100 atomic s {or near 100 atonuc %o, such as
i excess of 80 atomic % or 95 atomic %o or 98 atomic %), In some such cases, the boron
concentration withmn this buffer can be fixed at a deswred high level or can range, for example,
from a base concentration at or otherwise compatible with the undeddymg SiGe laver up to the
desired high concentration {e.g., in excess of 1E20 cm™d, 2820 em?, or 3E20 cw?).

Alternatively, rather than using a buffer between the source/drain material and the boron doped
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germaniam overlayer 117/119, the overlayer 117/119 utself can be graded in a similar fashion.
For example, and w accordance with one example ewbodument, the boron doped overlayer
H17/119 can be configured with a germanmum concentration graded from a base level
concentration compatible with the underlying substrate and/or source/drain regions {e.g., i the
range of 30 to 70 atonuc %) up to 100 atome % (or aear 100 atomic %),  The bhoron
concentration within this overlayer 117/119 layer can be fixed at a destred high level or can
range, for example, from a base concentration at or otherwise compatble with the underlying
substrate and/or source/drain regions up to the desired high level (e.p.. 1 excess of 2820 end).
[0030] Thus, a low contact reststance architecture for numerous transistor deviges 1s provided.
The devices may be formed m part using any namber of conventional processes such as, for
example, by gate oxide, poly gate electrode, thin spacer, and an isotropic undercut etch 1 the
sonrce/drain regions {or an ammonia etch to form faceted fin recess in monocrystalline substrate,
or other sautable etch to form fin recess)  In accordance with some embodiments, selective
epitaxial deposition can be used o provide in situ doped silicon or alternattvely, a fully strained
sificon germanmum layver to form source/dram regions with or without tips. Optional buffers naay
be used as previousty explained.  Any surtable high-k replacement metal gate {RMG) process
flow can also be used, where a high-k dielectric replaces the conventional gate oxide.
Siheidation with, for example, nickel, mckel-platinum, or ttamum with or without germanium
pre-amorphization unplants can be used to form a low resistance germanwde. The techmques
provided herem can be applied, for example, to benefit any technology nodes (e.g., 90nm, 63nm,
43nm, 320m, 22om, dom, and 10nm transistors, and lower), and the clanmed mvention s not
mtended to be limited to any particular such nodes or range of device geometries.  Other
advantages will be apparent in light of this disclosure.

[8831] Figuore 2 1s a method for formmg a transistor structure with low contact resistance 1n
accordance with an embodiment of the present mvention. Figures 3A through 31 dustrate
example structures that are formed as the wethod 1 carmed out, and m accordance with some
embodunents.

j0032]  As can be seen, the method begins with forming 202 a gate stack on a sesmiconduactor
substrate gpon which a MOS device, such as a PMOS transistor, may be formed. The
semuiconductor substrate may be unplemented, for example, with a bulk silicon or a silicon-on-

msulator configuration. In otheyr mplementations, the semuconductor substrate may be formed
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using allernate materials, which mav or may not be combined with silicon, such as germanium,
siicon germamum, mdiam anttmomde, lead tellunide, wdum arsenide, ndiom phosphude,
pallium arsenide, or gallium antimonide. In a more general sense, any matenial that may serve as
a foundation upon which a sennconductor device may be built can be used w accordance with
embodiments of the present mvention. The gate stack can be formed as conventionally done or
using any suitable custom techniques. In some embodiments of the present wvention, the gate
stack may be formed by depositing and then patterming a gate dielectrie laver and a pate
electrode layer. For mstance, in one example case, a pate diclectnie layer may be blanket
deposited onto the semiconductor substrate using conventional deposition processes such as
chemical vapor depositton (CVID), atomic tayer deposition { ALDY), spin-on deposition {SOD), or
physical vapor deposition (PVD).  Altemate deposition technigues may be used as well, for
mstance, the gate dielectric laver may be thermally grown. The pate dielectrie material may be
formed, for example, from matenals such as silicon dioxide or high-k dielectric materials.
Examples of high-k gate diclectric matenals mcelade, for instance, hafnaem oxide, hathmm
silicon oxide, lanthanum oxide, lanthanum alunanam oxide, mirconiuwm oxide, zircomum silicon
oxide, tantalum oxide, titanium oxade, bartum strontiam titaniamn oxide, barium titanium oxide,
strontium tianien oxide, yvttrium oxide, aluminum oxade, lead scandivm tantalum oxide, and
lead zinc iobate. In some specific example embodiments, the high-k gate dielectric Taver may
be between around 5 A to around 200 A thick (e.g., 20 A o 50 A). In general, the thickness of
the gate dielectric layer should be sufficient to electrically isolate the gate elecirode from the
neighbonng source and drain contacts. In further embodiments, additional processing may be
performed on the high-k gate dielectric laver, such ag an annealing process to mmprove the quality
of the high-k material. Next, a gate electrode material may be deposiled on the gate dielecinc
laver using similar deposition technigues such as ALD, CVD, or PVD. In some such specific
embodiments, the gate electrode material 1s polvsilicon 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 S0A to S00A (e.g.. 1004}, in some example embodiments. A
conventional patternmg process may then be carried ount {o etch away portiens of the gate
electrode laver and the gate dielectric laver to form the gate stack, as shown m Figure 3A. As

can be seen, Figure 3A illustrales a subsirate 300 upon which a gate stack i3 formed. In thus
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example embodiment, the gate stack includes a gate dieleciric layer 302 {which may be high-k
gate dielectric matenial) and a sacrificial gate electrode 304, In one specific exanmple case, the
gate stack meludes a silicon dioxide gate dielectrie layer 302 and a polysilicon gate electrode
304, The gate stack may also include a gate hard mask laver 306 that provides certain benefus or
uses during processing. such as protecting the gate clectrode 304 from subsequent ion
mplantation processes.  The hard mask laver 306 may be formed using typieal hard mask
materials, such as such as silicon dioxide, silicon nitride, andfor other conventional dieleciric
materials. Figwre 3A further lustrates spacers 310 formed on either side of the stack. The
spacers 310 may be formed, for example, using conventional matenials such as siheon oxide,
silicon mitride, or other switable spacer matenals. The width of the spacers 310 may generally be
chosen based on design requurentents for the transistor being formed. In accordance with some
embodiments, however, the width of the spacers 310 15 not subject to design constramts tmposed
by the formmation of the source and dram epi-tips, given sufficiently high borou doped germaniam
content 1n the source/drain tip regions, as deseribed heren (boron won't diffuse into channel).

[0033]  Wah further reforence to Figure 2, after the gate stack 1s formed, the method contimues
with defimng 204 the source/drain regions of the transistor structure.  As previously explamed,
the source/drain regions can be wplemented with any number of suitable processes and
configurations. For example, the source/dram regions may be mplanted, etched and ept filled,
rased, silicon or SiGe alloy, p-type andfor n-type, and bhave a planar or fin shaped diffusion
region. In the example embodiment shown mn Figure 3A, substrate 300 has been eiched to
provide cavities 312314 as well as respective tip areas 312A/314A which andercuis the gate
dielectric 302, Figure 3B iHustrates the substrate 300 after cavities 312/314 and tip areas
JI2A314A have been filled to provide the source/diain regions 318/320 and tip reglons
JI8AM20A.  In accordance with some example embodiments, the source and dram region
cavittes 312/314 along with thewr respective tip areas 312A/314A are filled with in situ doped
silicon or SiGe, thereby formung source region 318 {along with epi-tip 318A) and dram region
320 (along with dram epi~tip 320A). Any number of source/drain layer configurations can be
used here, with respect to materials (e.g.. silicon, SiGe, -V matenals). dopant (e.g., boron in

xcess of 2E21 en?, or other suitable dopant/concentration), and dimension {e.g., thickness of

2]

source/dram layer may range, for instance, from 30 to 500 nm so as to provide a flush or rassed

source/dramn region).
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j0834] As previously explained, sone such embodimenis may iclude with a thin buffer
between the source/drain laver and the substrate or the source/drain and boron doped germanium
overfayer. For instance, and as can further be seen in the example embodunent shown in Figure
3B, a source buffer 313 and a dvain 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
germanium layer with the germanmium composition graded from a base level concentration
compatible with the underlying substrate 300 material up to 100 atomic %% {or near to 100 atomic
%o as previously described). The boron concentration can be appropriately graded as well
Numerous buffer schemes will be apparent i Hight of this disclosure.

[0035]  With forther reference to Figure 2, after the source/drain regions are defined, the
method continues with depositing 206 boron doped germaniom on the sowrce/drain regions of
the transistor structure. Figure 3C shows the boron doped germantum layer 317/319. In some
example embodiments, the boron doped germaniwm layer 317/319, which may be epitaxially
deposited n one or more lavers, has a germanium concentration m excess of 90 atome %,
although other swtable concentration fevels can be used as will be appreciated m light of this
N “

a.. 1 excess of 91 atomc Yo, or 92 atomie Yo, ..., or 98 atomic %, or 99 gtonme %,

"=

disclosure (e
or truly pure germamum). As previously explained, this permamum concentration may be fixed
ot graded so as to merease from a base level (near sabstrate 300) to a hagh level {e.g., 11 excess
of 90 aionuc %). The boron concentration in some such embodiments can be in excess of 1E20
em, such as higher than 2E20 cma? or 2B21 em?, and may also be graded so as to iucrease
from a base level near substrate 300 to a high level (e.g.. in excess of 1E20 cra-? or 220 ey or
3E20 em, ..., 2E21 omY). In embodiments where the germanium concentration of the
underlying source/drain regions 318/320 15 fixed or otherwise rvelatively low, a graded butfer
may be used to better interface source/dram regions 3187320 with the boron doped germanium
layver 317/319, as previously explained. The thickness of the boron doped germamium cap
3174319 may have a thickness in the range, for example, of 50 to 250 A, in accordance with
sone specilic example embodiments, although alternative embodiments may have other layer
thicknesses, as will be apparent i hight of this disclosure.

[8036] In some embodiments, a CUVD process or other suitable deposition technique may be
used for the depositing 206 or otherwise forming the boron doped germanium laver 317/319.

For example, the depositing 206 may be carried out m1 a CVD, or rapid thermal CVD (RT-UVD),
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or low pressure CVD (LP-CVD), or olira-high vacuum CVD (UHV-CVD), or gas source
molecular beam eputaxy {GS-MBE) tool using germanium and boron contatning precursors such
as germane {GeHy) or digermane (GezHg) and diborane (B:H;g) or boron difluonide (BF:). In
some such embodiments, there may be a carvier gas such as, for mstance, hvdrogen, nitvogen, or
a poble gas {e.g., precursor s diluted at 1-3% concentration of carnier gas). There may also be an
etchant gas such as, for example, halogen-based gas such as hydrogen chlovide (HCI), chlorine
{C1), or, hydrogen bromide (HBr). The basic deposition of germantum and also boron doped
germanium s possible over a wide range of conditions using deposition temperature in the range,
for example, of 300°C to BO0°C {e.g., 300-300°C) and reactor pressure, for instance, in the range
I Tor to 760 Torr. Germannam is natarally selective in that 1t deposits on sihicon or silicon-
germanram alloy, and does not deposit on other matenals such as silicon dioxide and silicon
mitride.  Stnee this natural selectivity s not entirely perfect, a small Hlow of etchant can be used
to increase the selectivity of the deposition, as previcusty noted. Each of the carrier and etchants
can have a flow m the range of 10 and 300 SCCM (typically, no more than 100 SCCM of flow s
required, but some embodiments may require higher flow rates).  In one specific example
embodiment, the deposition 206 is carrted owt using GeHy that 1s diluted m hydrogen at a 1%
concentratton and at a flow rate that ranges between 100 and 1000 SCCM. For an n situ doping
of boron, dilated B:H; may be used {e.g., the B:H; may be dilated m H; at 3% concentration and
at a {low rate that ranges between 100 and 600 SCCM. In some such specific example cases, an
etching agent of HC1 or Cl- 15 added at a flow rate that ranges, for example, between 10 and 100
SCCM, o mcrease the selectivity of the deposition,

[8037] As will be appreciated m hight of this disclosure, the selectivity at which the boron
doped germanium layer 317319 1s deposited can vary as deswed. In some cases, for mstance,
the boron doped germanium layver 317/319 1s deposited only on the source/drain regions 318/320
or a portion of the source/dram regions 3187320 (rather than across the entire structure). Any
namber of maskmg/patterming techniques can be used to selectively deposit layer 317319
Moreover, other embodiments may benefit from layer 317/319 covening, for example, poly gate
regions or grounding tap regions. As will further be appreciated 1n light of this disclosure, the
combination of high germantam concentration (e.g., 1n excess of 90 atomic % and up to pure
germanium} and high boron concentration {e.g., in excess of 2820 cm-3) can be used to realize

significantly lower contact resistance i the source and dramn regions (and other areas where low
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contact resistance i1s desirable, such as ground tap regions), i accordance with some example
embodiments.  Further, and as previously explamed, smce boron diffuston s sufficiently
suppressed by pure germanium, no adverse SCE degradation is vealized with subsequent thermal
anueals despite any high boron concentration proximate the channel (if applicable). Barier
height lowering 15 also enabled from the higher concentration of germamum at the contact
surface. In some example embodiments, a germanium concentration n excess of 95 atomic %o
and up to pure germanium {100 atomiae %) can be used to achieve such benefits.

[O038]  With further reference to Figure 2, after the boron doped germanum layer 317/319 1
provided, the method continues with depositing 208 a diclectric over laver 317/319, Figure 3D
shows dielectric 322 as bewng flush with the hard mask 306 of the gate stack, but it need not be.
The dielectric can be configured 1 a nwmber of ways. In some embodiments, dielectric 322 1s
mplemented with S10: or other low-k dielectric materials. In other embodiments, dielectric 322
s implemented with a SiN haer followed by one or more lavers of Si(-, or any combination of
nitride, oxide, oxynitride, carbide, oxyvearbide, or other sutable dielectric matenals).  The
dielectric 322, which nay be referred to as an interlayver dielectric (1LD), may be plananzed as
commeonty done.  Other example dielectric materials inchude, for nstance, carbou doped oxide
{CDQ), organie polvimers such as perfluorocyclobutane or polvietrafiuorosthvlene, fluorosilicate
olass (FSG), and organosilicates such as silsesquioxane, siloxane, or organostheate glass. In
some example configurations, the ILD laver may mclade pores or other voids to further reduce
its dielectric constant.

[6639] Next, in some embodiments of the present mvention where a replacement metal gate
{RMO) process 13 used and as best shown i Figure 3E, the method may further inclode
removing the gate stack {mcluding the high-k gate dielectnie laver 302, the sacrificial gate
glectrode 304, and the hard mask layer 308) usmg an etching process as conventionally done. In
alternate implementations, only the sacrificial gate 304 and hard mask laver 306 are removed.
Figure 3E sthustrates the trench opeming that 18 formed when the gate stack 3 etched away,
accordance with one such embodiment. it the gate dielectric kaver s removed, the mothod may
continne with depositing a new gate dielectric fayer mio 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 hafninm oxide. The same deposition processes may also be used.

Replacement of the gate dielecine laver may be used, for example. 1o address any damage that
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may have occurred to the original gate dieleciric laver during application of the dry and wet eich
processes, and/or to replace a low-k or sacrificial dielectrie matenal with a high-k or otherwise
desired gate dielectric material. As further shown m Figure 3F, the method may further continue
with depositing the metal gate electrode layer 326 mito the trench and over the gate diclectric
laver 324. Conventional 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 laver may mclude, for example, a ptype workfunction metal, such as ruthentum,
palladium, platinum, cobalt, nickel, and conductive metal oxides, e.g., ruthenium oxide. In some
example configurations, two or more metal gate electrode fayvers may be deposited. For mstance,
a workfunction metal may be deposited in the gate tench followed by a switable wetal gate
electrode fill metal such as alampuam or silver.
[0040]  With furnther reference to Figure 2, after dielectric laver 322 15 provided over layer
317319 (and any desired RMG process), the method continues with etching 210 to form the
source/dramn contact trenches.  Any suitable dry andfor wet eteh processes can be used. Figure
3G shows the source/drain contact trenches after etching s complete, m 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
sowrce/dramn contact plugs.  Figure 3H shows the contact metals 328/327, which i some
embodiments includes the silicide/germanide, although other embodiments may iaclude
additional fayers {e.g., adhesion layer). Figure 31 shows the conlact plug metal 329/331, which
i some embodiments mclades alumuinum, although any suitably conductive contact metal or
alloy can be used for the comtact plug 329/331, such as silver, mickel-platingm or nickel-
alusunum or other alloys of nickel and alwminum, or tilanium, wsing conventional deposition
processes. The germamde/metalization 212 of the source and drain contacts can be carried out,
for instance, by sihodation with nickel, alummam, nickel-platinum or nickel-alummmuam or other
alloys of mickel and alunmnem, or ntanmem with or without germamium pre-amorphization
umplants to form a low resistance germanide. The boron doped germanium layer 317/319 allows
for metal-germanide formation {e.g., nickel-germanmum). The germanide allows for significantly
tower Schottky-barrier height and improved contact resistance (including R} over that
conventional metal-silicide systems. For instance, conventional iransistors typically use a

source/dramn Sile ept process, with germanium coneentraiion in the range of 30-40 atomie %%.



WO 2012/087404 PCT/US2011/054202
17

Such conventional systems exhibit Ry values of about 140 Qhm™um, linited by epifsilicide
mterfactal resistance, which 15 high and may impede future gate puch scaling.  Some
embodunents of the present mvention allow for a significant improvement n Ry in PMOS
devices {e.¢., 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 m accordance with an embodiment of the present, with a
boron concentration in excess of P20 cm™ and a germanium concentration in excess of 90
atomic Ye and up to or otherwise near pure germanium {fi()f) atomic %) at the mterface hetween
the source/drain regrons 318/320 and the contact metals 3 27, can exhibit R values of less
than 100 Ohm®um, and 1n some cases less than 90 Ohm™am, and i some cases less than §0

Ohm™um, and m some cases less than 75 Olun*um, or lower.

[0041] Figure 4 is a method for forming a transistor structure with low contact resistance in
accordance with another embodiment of the present mvention. Figures SA through ST illostrate
example structures that are formed as the method is carried out, and m accordance with some
embodiments. As can be seen, this example transistor structure includes both p-type and n-tvpe
source and dram regions (designated p-S/D and n-S/D, respectively}, and the boron doped
permaniam s selectively deposited on the p-type regions only. In general, this method 1s similar
to the method desertbed with reference to Figures 2 and 3A-H, except that the deposition of the
boron doped germanmium layer 317/319 on the source/drain regions i selectively carnied out afier
the dielectric 322 s depostted and etched to form the contact trench.

[0042] The method includes fornung 402 the gate stacks and defunng 404 the vanous p-S/D
and n-S/D regions gsing standard processing and as best shown i 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 boron doped germantam. The method further includes depositing 406
the dielectric 322 directly over the p-5/D and n-5/D regions, as shown m Figure SB. The method
continues with etching 408 to form the p-S/D and n-S/D region comact trenches, and then
selectively deposting 410 the boron doped germanium laver 317319 into the trench and onto the
p-S/D regions {of which there may be ong or more depending on the deswed function and
application of the transistor structure), as best shown in Figures 3C and 53D, Deposting 410 can
be cammed out usmg any suitable deposition process, such as selective Epimxy. Once laver

(

IVF319 18 provided, the method continues with depositing 412 contact metals 325/327 on top of



WO 2012/087404 PCT/US2011/054202
18

the laver 317/319 as well as on top of any exposed n-5/D regions, and then depositing 414 the
sourcefdrain contact plugs 329331, as shown in Frgures 5 and 3F. This alternate methodology
provides the same benefit of improved contact resistance, but 18 more selective i 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 discussion with

respect to sumilar parts of the method s equally appheable here.

FioFET Conficuration

[0043]  As s known, FinFET is a tranststor built around a thin strip of semicondactor material
{generally referred fo as the fin). The transistor includes the standard field effect transistor (FET)
nodes, inclnding a gate, a gate dielectric, a source region, and a drain region. The conductive
channel of the device vesides on the outer sides of the fin beneath the gate dielectric.
Spectfically, current runs along both sidewalls of the fin {sides perpendicular to the substrate
sarface) as well as along the top of the fin {(side paraliel 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 FmFET design 1s sometimes referred to as a to-gate FinFET.
Other tvpes of FinFET configurations are also available, such as so-called double-gate FinFETSs,
m 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 (ri-gate device
mcludes a subsirate 600 having a senmuconductor body or fin 660 (represented by dashed lines)
extending from the substrate 600 through solation regions 610, 620, A gate electrode 640 s
formed over 3 surfaces of the fin 660 to form 3 gates. A hard mask 690 1s formed on top of the
gate electrode 640, Gate spacers 670, 680 are formed at opposite sidewalls of the gate electrode
640

(0045 A source region comprises the epitaxial region 631 formed on a recessed source
mterface 630 and on one fin 660 sidewall, and a draan region comprises the epitaxial region 631
formed on a recessed source interface 650 and on the opposing fin 660 sidewall {not shown). A
cap laver 641 1s deposited over the epitaxial regions 631, Note that the boron cap layer 641 may

be provided m the recessed (tip) regions, but i other embodiments s just provided over the
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source/drain regions {and not in the recessed regions). In one embodiment, the isolation regions
610, 620 are shallow trench wolation (ST regions formed using conventional techoiques, such
as etching the substrate 600 to form trenches, and then depositing oxide material onto the
trenches to form the STI regions. The wsolation regions 610, 620 can be made from any suttable
dielectrie/msulative matenial, such as S10;. The previous discussion with respect to the substrate
102 s equally applicable here {e.g., substrate 600 may be a silicon substrate, or SOI substrate, ov
a muli-lavered substrate).

[0046]  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 bilaver structure of the epitaxial
region 631 and cap laver 641 can be nmplemented, for instance, using an w situ doped silicon or
S1Ge (for 631} capped with a boron doped germamum (for 641), with an optional germanium
andfor boron graded buffer between the two bilavers. As previously explained, such a buffer
may be used to transition from a base level germamumiboron concentration compatible with the
eprtaxial region 631 to the boron doped germanium cap 641, Alternatively, germanium and/or
boron concentration gradmng can be mmplemented directly in the epitaxial regron 631 andfor the
cap 641, rather than in an mtervening graded buffer arrangement. As will further be appreciated,
note that an alternative to the tn-gate configuration s a double-gate architecture, which mclades
a dielectric/isolation layer on top of the fin 660,

[8047] TFigwre 7 shows a plot of a split fot showing contact resistance for transistor structures
confligured with in accordance with embodiments of the present invention and standard transistor
structures configured with no cap. The (ransistor structures associated with the high resistance
numbers 1 excess of (.18 are all ymplemented with standard SiGe alloy raised PMOS
source/dram regions with contact metal deposited directly thergon. The transistor stractures
associated with the resistance numbers of 8,107 and fower are all simlarly implemented but with
the addition a boron doped germamum cap between the source/drain regions and contact maetal,
m accordance with various embodiments of the present mvention. Table 1 shows the raw data
guantiles resulting from testing of the example structures with and without a boron doped

germanium cap as described herem,
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Ge Cap | Min 18% 25% Median 73% | 90% | Max

Yes 0.032 | 0.032 | 0.033 (1.040 0.078 | 0105 | 0107

No 0183 | 0183 | 0192 0.239 0250 | 0265 | 02

-3
=)
tn

Table §

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

[0048] Other mmprovements enabled by using a boron doped germanium cap m accordance
with an embodirnent of the present invention will be apparent in hight of this disclosure. In
particular, the resulting germanide materials and Schottky barnier beight improvement enables
maore than a 2x R improvement over that in conventional S1Ge source/drain PMQS devices, in
accordance with some example embodiments of the present mvention.  As 15 known, the
Schottky barnier height 1s the bamrier for electrical conduction across a senuconductor-metal
junction. The magnitude of the Schottky barrier height reflects a mismatch 1n the energy position
of the metal’s Fermu level and the majority carrier band edge of the semiconductor across the
semiconductor-metal mierface. For a p-type semiconductor~-metal interface, the Schottky barrier
height 1s the difference between the metal Fermu level and the valence band maximum of the

serniconductor.

Example Svstem

[8049] Figwe 8 illostrates a computing device 1000 configured i 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, meludsig but not hmited to
a processor 1004 and at least one commmunication 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
main board or a daughterboard mounted on a mam board or the only board of device 1000, etc.
Depending on #s applications, computing device 1000 may mclode one or more other
components that may or may not be physically and electrically coupled to the motherboard 1002,
These other components may mclade, but are not himited to, volatile memory {e.g. DRAM),

non-volatile memory {e.g., ROM), a graphies processor, a digital signal processor, a orypto
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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 deive, compact disk (CD), digutal versatile disk (DVD), and so forth).
Any of the components mcluded in computing device 1000 may mnclude one or more transistor
structures as described berein.  In some embodiments, nultiple functions can be integrated into
one or more chips {e.g., for mstance. note that the commumeation chip 1006 can be part of or
otherwise mtegrated nto the processor 1004),

[0050] The communication chup 1006 enables wireless comumunications for the transter of dats
to and from the computing device 1000. The term “wireless” and 1ts dertvatives may be used to
describe circuits, devices, systems, methods, techniques, communications channels, ete., that
may communicate data through the use of modulated electromagnetic radiation through a non-
solid medivm.  The term does not imply that the associated devices do not contam any wires,
although n some embodiments they nught not. The communication chip 1006 may implement
any of a number of wireless standards or protocols, mcluding but not himited to Wi-Fi (IEEE
802.11 famuly), WiMAX (IEEE 802.16 famly), IEEE 80220, long term evolation (LTE}, Ev-
DO, HSPA+, HSDPA+, HSUPA+ EDGE, GSM, GPRS, CDMA. TDMA, DECT, Blustooth,
dersvatives thereof, as well as any other wireless protocols that are designated as 3G, 4G, 3G,
and beyond. The computing device 1008 may include a plurality of communication chips 1006.
For instance, a first communication chip 1006 may be dedicated to shorler range wireless
communications such as Wi-Fi and Bloetooth and a second commmunication chip 1006 may be
dedicated 10 longer range wireless commuonications such as GPS, EDGE, GPRS, CDMA,
WiIMAX, LTE, Ev-DO, and others.

j00851]  The processor 1004 of the computing device 1000 includes an integrated circut die
packaged within the processor 1004, In some cmbodiments of the present mvention, the
mtegrated circuit die of the processor includes an ouboard non-volatle memory or cache, andior
is otherwise commumnicatively coupled to off-chip memory that s implemented with one or more
transistor structures as described herem, The term “processor” may refer to any device or
portton of 3 device that processes, for nstance, electronic data from registers and/or memory to
transform that electronic data into other electronic data that mayv be stored m registers and/or

MCTINTY
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[0632] The communication chip 1006 may alse include an integrated cirouit die packaged
within the conmmunication chip 1006, In accordance with some such example embodiments, the
mtegrated circutt die of the conununrcation chip includes one or more devices implemented with
one Or more transistor structures as deseribed herain.  As will be appreciated 1 hght of thas
disclosure, note that mudti-standard wiveless capability may be wtegrated directly into the
processor 1004 {e.g., where functionality of any chips {006 15 integrated wto processor 1004,
rather than having separate comsmunication chips). Further pote that processor 1004 may be a
chip set having such wireless capability.  In short, any number of processor 1004 and/or
commumcation chips 1006 can be used. Likewise, any one chup or chip set can have multiple
functions integrated therein.

[8053]  In various mmplementations, the computing device 1000 may be a laptop, a netbook, a
notebook, a smartphone, a tablet, a personal digual assistant (PDA), an ultra mobile PC, a mobile
phone, a desktop computer, 8 server, a primter, a scanner, a mongor, a set-top box, an
entertainment contro} wt, @ digital camera, a portable music player, or a digital video recorder.
In further mmplementations, the device 1000 may be any other electrome device that processes
data or employs transistoss.

[0034]  Numerous embodiments will be apparent 1 light of this disclosure, and features
described heremn can be combined in any mumber 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 electrade above the channel region. A gate dielectric layer 1s provided
between the gate elecirode and the channel region, and p-type and n-type source/dram regions
are provided mn the substrate and adjacent to the channel region. The device further inchudes a
boron doped germanium layer on at least a portion of the p-type sovrce/dram region. This boron
doped germanmum fayer comprises a germamum concentranion m excess of 90 atomuc % and a
boron concentration in excess of [E20 e, The device further includes a metal-germamde
source/draan contact on the boron doped germamam layer.  In one such example, the boron
doped genmantum fayer 1s only on p-type source/drain regions of the device. In another example
case, the device further includes an mterlaver diclectric. In another example case, the device
further mcludes a graded buffer between the substrate and at least one of the p-type and n-type
source/drain regrons, andior a graded buffer between at least one of the p-tvpe and n-tvpe

source/dram regions and the boron doped germanium laver. In one such case, the praded buffer
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between the at least one p-tvpe and n~type source and drain regions and the boron doped
germanimm 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 m excess of 95 atomue %.  In one such specific example case, the high
concentration reflects pure germamum. In another example case, the graded butfer between the
at least one of the p-type and n-type source/drain regions and the boron doped germanium layer
has 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/drain renions to a high concentration in excess of 1E20
e, In another example case, the borou doped germanium layer has & graded concentration of
at least one of germamwm and boron. In another example case, the p-type and m-type
source/dram regions comprise sthicon germantom having a genmanium concentration that 1s
graded from a base level concentration compatible with the substrate to a hugh concentration in

%%, and the boron doped germanium layer has a germanium concentration

excess of 30 atonuc
excess of 93 atomuce 2. In another example case, the p-type and n-type source/drain regions
comprise boron doped silicon germanium having a boron concentration that 1 graded from a
base level concentration compaiible with the substrate to a high concentration  excess of 1E20
cm~. In another example case, the p-tvpe and n-type source/drain regions comyprise silicon or
stlicon germanium, and the device further comprises a buffer between at least one of the p~type
and n-type sowrceddrain segions and the boron doped germanram layer, the buffer having a
germanian concentration that 18 graded from a base level coucentration compatible with the at
least one of the p-type and n-tvpe source/drain regions to a high concentration m excess of 30
atomue %5, and a boron concentration that 1s 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 1E20 cm¥. In another example case, the boron doped germanium layer comprises a
germannen concentration i excess of 98 atomic %, and a boron concentration i excess of 2E20
entd. Another embodiment provides an electronic device that includes a printed circuit board
having one or more mntegrated cirewts, wheremn at least one of the one or more mntegrated circwts
comprises one or more transistor devices as vanously defined in this paragraph.  In one such
case, the one or more integrated circwits includes at least one of a commanication chip and/or a

processor, and at least one of the communication chip and/or processor comprises the one or
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maore fransistor devices. In another such case, the device is a computing device {e.g., mobile
telephone or smartphone, laptop, tablet computer, ete).

[80358]  Another embodiment of the present mvention provides a transistor device. In this
example case, the device ncludes a substrate baving 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 pate electrode. The device further
meludes p-type and n-type source/drain 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 and/or a corresponding one of the spacers. The device further
wmcludes a boron doped germantum layver on at least a portion of the p-type source/drain region,
and comprising a germanim concentration i excess of 93 atomic % and a boron concentration
i excess of 2E20 cmY. The device further includes metal-germanide source/drain contacts on
the boron doped germanium laver. The device is one of a planar or FinFET transistor. In one
such example case, the device turther includes a buffer between at least one of the p-type and n-
type sourcefdram regions and the boron doped germanum layver, wherain the buffer has a
germanian concentration that 18 graded from a base level coucentration compatible with the at
least one of the p-type and n-tvpe source/drain regions to a high concentration i excess of 93
atomue %, and a boron concentration that 1s graded from a base level concentration compatible
with the at least one of the p-type and a-type source/drain regions to a high concentration
excess of 2R20 em=>. In another example case, the boron doped germanium laver has a graded
concentratton of at least ong of germamum and boron. In another example case, the p-type and
n-type source/drai regions comprise silicon germamam having & germaniam concentration that
is praded from a base fevel concentration compatible with the substrate to a high concentration in
excess of 50 atomuc %, and the boron doped germanium layer has a germanium concentration in
excess of 98 atomuc %. In another example case, the p-type and n~-type souwrce/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 em3. In another example case, the p-type
and n-type source/dramn regions comprise silicon germaniom having a fixed germaniom
concentration, and the device fwrther comprises a buffer between the p-type and n-type
source/dram regions and the boron doped germanium laver, the buffer having a germaniom

concentration that 1s graded from a base level concentration compatible with the p-type and n-~
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type source/drain regions to a high conceniration in excess of 50 atomie %o, and a boron
concentration that is graded from a base level concentration compatible with the p-tvpe and n-
type source/drain regions to a high conecentration in excess of 2E20 cm?, the buffer having a
thickness of less than 100 Angstroms. Another embodiment provides a computing device {(e.g.,
deskiop or portable computer, ete) that includes a prited circunt board having a comnumnication
chip andior a processor, wherein at least one of the comnumication chip and/or processor
comprises one or more transistor devices as variously defined in this paragraph.

[8036]  Another embodiment of the present invention provides a method for formung a
transistor device. The method includes providing a substrate having a channel repion, and
providing a gate electrode above the channel region, wheremn a gate dielectric layer 15 provided
between the gate electrode and the channel region. The method continpes with providing p-type
and n-type source/drain regions in the substrate and adjacent to the channel region, and providing
a boron doped germanium laver on at least a portion of the p-type source/drain region. The
boron doped germantyrn laver comprises a germaniun concentration n excess of 90 atomic %
and a boren concentration in excess of 1E20 cov?. The method continues with providing metal-
germanide source/drain contacts on the boron doped germanmium laver. In some example such
cases, the method further includes providing a graded buffer between the substrate and at least
one of the p-type and n-type source/dram regions, and/or providing a graded buffer between at
least one of the p-type and n-type source/dramn 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 germantum and boron (which may be ased with or without graded buffers). This method
may be emploved, for example, in the fabnication of any elecrronic devices such as a computing
device.

[8057] The foregoing description of example embodiments of the invention has been presented
for the purposes of ilustration and description. It 15 not mtended to be exhaustive or to linmt the
invention to the precise forms disclosed. Many meodifications and variations are possible in light
of this disclosare. 1t 15 intended that the scope of the mvention be himited not by this detatled

description, but rather by the claims appended hereto.
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CLAIMS
What 1s claimed s
i. A transistor device, comprising:

a substrate having a channel region;

a gate electrode above the channel region, wherem a gate dielectric laver s
provided between the gate electrode and the channel region;

p-type and n-type source/drain regions in the subsirate and adjacent to the channel
region;

a boron doped germanium laver on at feast a portion of the p-type sowree/dram
region, and comprising a germaniium concentration . excess of 90 atomic
% and a boron concentration i excess of 1R20 em?; and

a metal-germanide source/dramn contact on the boron doped germamum layer.

2. The device of claim 1 wherein the device 1s one of a planar or FinFET
transistor.
3. The device of claims 1 or 2 wherein the boron doped germaniem laver is

only on p-type source/drain regions of the device.

4. The device of any of the preceding claims further comprising an interlayer
dielectric.
5. The device of the preceding claims, further comprising at least one of!

a graded buffer between the substrate and at least one of the p-tvpe and n-type
source/dram regions; and
a graded bufTer between at least one of the p-type and n-type source/drain regions

and the boron doped germantun faver.

6. The device of claim 3 wherein the graded buffer between at least one of the
p-iype and n-tvpe source/drain regions and the boron doped germanium laver has a

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

axcess of 95 atomue %.

7. The device of claim 6 wherein the high concentration reflects pure
germaniym.
8. The device of claims 5, 6, or 7 wherein the graded buffer between the at

least one of the p-type and n-tvpe source/drain regions and the boron doped germanum
tayver has a boron conceniration that i1s graded from a base level concentration compatible
with the at least one of the p-tvpe and n~type source/drain regions to a ugh concentration

in excess of 1820 em3.

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

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

10.  The device of any of the preceding clamms wherein the p-iype and n-type
source/drain regions comprise silicon germanium having a germantum concentration that
is graded from a base level concentration compaiible with the substraie o a high
concentration in excess of 50 atmmic %, and the boron doped germaniom layer has a

germanium conceniration 1 excess of 93 atomic %.

i1 The device of any of the preceding claims wherein the p-tyvpe and n-type
source/dramn regions  comyprise boron doped sihicon 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?,

i2. The device of any of clasns 1 through 4 wheremn the p-type and n-type
source/dramn regions comprise sthicon or silicon germanmioam, 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 germannen concentration that 1s
graded from a base level concentration compatible with the at least one p-type and n-type
source/dsain regions to a high concentration 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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one ¢f the p-iype and n-type source/drain regions to a lugh concentration in excess of 1E20

cnr?,

i3 The device of any of the preceding claims wheremn the boron doped
germaruum layer comprises a germanium concentration in excess of 98 atomic %o, and a

. N v oy s %
horon concentration m excess of 2820 cm™.

4. Apelectronic device comprising:
a prnted cireult board having one or more mtegrated cwcuts, wheram at least one
of the one or more integrated circuits comprises one of mMore transistor

devices as delined in any of the preceding claums,

15, The electrome device of claim 14 wherein the one or more mtegrated
circuts mcludes at least one of a communication chip andfor a processor, and at least one

of the communication chip andror processor comprises the one or more transistor devices.

16,  The electromic device of clams 14 or 1§ wheran the device 15 a computing
device.
7. A transistor device, comprising:

a substrate having a channel region;

a gate electrode above the channel region, whereln a gate dielectric fayer s
provided between the gate electrode and the channel region and spacers are
provided on sides of the gate electrode;

p-type and n-type source/drain regions in the substrate and adjacent o the channel
region, each of the p-type and n-type sowrce/drain regions mclodme a ap
region that extends under the gate dielectric laver andior a corresponding
one of the spacers;

a boron doped germanium layer on at least a portion of the p-type source/dramn
region, and comprising a germanion concentrafion m excess of 95 atomic
9 and a boron concentration in excess of 2E20 om™3; and

a metal-germanide source/dram contact on the boron doped germanium layer;
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wherein the device 1s one of a planar or FmFET transistor.

i18.  The device of claim 17, the device further comprising;

a buffer between at least one of the p-type and n-type source/dram regions and the
boron doped germanium laver, wherein the buffer has a germaninm
conceniration 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 in excess of 95 atomic %%, 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/drain regions to a high concentration in excess

of 2820 cnrd.

oy

19, The device of claims 17 wherein the boron doped germanium layer has a

graded concentration of at least one of germanium and boron.

20. The device of claim 17 wheretn the p-iype and n-type source/dram regions
comprise silicon germanium having a germanium concentration that is graded from a base
tevel concentration compatible with the substrate to a high concentration 1n excess of 30
atomic %, and the boron doped germanium layer has a germaniurm concentration in excess

of 98 atomic Y.

21, The device of clamm 20 wherein 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 1o a high concentration in excess of 2E20 cm3,

22, The device of claim 17 whergin the p-type and n-type source/drain regions
comprise silicon germanium having a fixed germanmum concentration, and the device
further comprises a buffer between the p-type and n-type soarce/drain regions and the
boron doped germanium layer, the buffer having a germamam concentration that s graded
from a base level concentration compatibile with the p-type and n-type source/drain regions
to a high concentration m excess of 50 atomic %%, 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 a high concentration in excess of 2E20 em™3, the buffer having a thickness of less than

100 Angstroms.

23 A maethod for forming a transistor device, comprismg:

providing a substrate having a channel region;

providing a gate electrode above the chanael region, wheremn a gate dielectnie layer
ts provided between the gate electrode and the channel region; and

providing p-type and n-type source/dram regions i the substrate and adjacent to
the channel region;

providing a boron doped germanium layer on at least & portion of the p-type
source/drain region, the boron doped germanium laver comprising a
germanium concentration m  excess of 90 atomue % and a boron
concentration in excess of 1E20 cm?; and

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

fayer.



