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A semiconductor process and apparatus includes forming 
PMOS transistors (90) With enhanced hole mobility in the 
channel region by forming a hydrogen-rich silicon nitride 
layer (91; 136) on or adjacent to sidewalls of the PMOS gate 
structure as either a hydrogen-rich implant sideWall spacer 
(91) or as a post-silicide hydrogen-rich implant sideWall 
spacer (136); Where the hydrogen-rich dielectric layer acts as 
a hydrogen source for passivating channel surface defectivity 
under the PMOS gate structure. 
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METHOD FOR PFET ENHANCEMENT 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 
[0002] The present invention is directed in general to the 
?eld of semiconductor fabrication and integrated circuits. In 
one aspect, the present invention relates to forming PMOS 
?eld effect transistors (FETs) as part of a complementary 
metal oxide semiconductor (CMOS) fabrication process. 
[0003] 2. Description of the Related Art 
[0004] CMOS devices, such as NMOS or PMOS transis 
tors, have conventionally been fabricated on semiconductor 
Wafers With a surface crystallographic orientation of (100), 
and its equivalent orientations, e.g., (010), (001), (00-1), 
Where the transistor devices are typically fabricated With a 
<100> crystal channel orientation (i.e., on 45 degree rotated 
Wafer or substrate). The channel de?nes the dominant direc 
tion of electric current ?oW through the device, and the mobil 
ity of the carriers generating the current determines the per 
formance of the devices. While it is possible to improve 
carrier mobility by intentionally stressing the channels of 
NMOS and/or PMOS transistors, it is dif?cult to simulta 
neously improve the carrier mobility for both types of devices 
formed on a uniformly-strained substrate because PMOS car 
rier mobility and NMOS carrier mobility are optimiZed under 
different types of stress. For example, some CMOS device 
fabrication processes have attempted to enhance electron and 
hole mobilities by using strained (eg with a bi-axial tensile 
strain) silicon for the channel region that is formed by depos 
iting a layer of silicon on a template layer (e.g., silicon ger 
manium) Which is relaxed prior to depositing the silicon layer, 
thereby inducing tensile stress in the deposited layer of sili 
con. Such processes enhance the electron mobility for NMOS 
devices by creating tensile stress in NMOS transistor chan 
nels, but PMOS devices are insensitive to any uniaxial stress 
in the channel direction for devices fabricated along the 
<100> direction. On the other hand, attempts have been made 
to selectively improve hole mobility in PMOS devices, such 
as by forming PMOS channel regions With a compressively 
stressed SiGe layer over a silicon substrate. HoWever, such 
compressive SiGe channel PMOS devices exhibit a higher 
sub-threshold slope (SS) and higher voltage threshold tem 
perature sensitivity. This is in large part due to a degraded 
quality of the interface betWeen the compressive SiGe layer 
and the dielectric layer Which is quanti?ed by the channel 
defectivity or interface trap density (Dit) in the PMOS 
devices. 
[0005] Accordingly, there is a need for improved semicon 
ductor processes and devices to overcome the problems in the 
art, such as outlined above. Further limitations and disadvan 
tages of conventional processes and technologies Will 
become apparent to one of skill in the art after revieWing the 
remainder of the present application With reference to the 
draWings and detailed description Which folloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] The present invention may be understood, and its 
numerous objects, features and advantages obtained, When 
the folloWing detailed description is considered in conjunc 
tion With the folloWing draWings, in Which: 
[0007] FIG. 1 is a partial cross-sectional vieW ofa semi 
conductor Wafer structure including a semiconductor layer 
having a ?rst crystalline structure; 
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[0008] FIG. 2 illustrates processing subsequent to FIG. 1 
Where a masking layer is formed over NMOS areas of the 
semiconductor Wafer structure that Will be used to form 
NMOS devices; 
[0009] FIG. 3 illustrates processing subsequent to FIG. 2 
after an epitaxial SiGe layer is selectively formed over PMOS 
areas of the semiconductor Wafer structure that Will be used to 
form PMOS devices; 
[0010] FIG. 4 illustrates processing subsequent to FIG. 3 
after metal gate electrodes are formed in the NMOS and 
PMOS areas; 
[0011] FIG. 5 illustrates processing subsequent to FIG. 4 
after ?rst extension source/ drain regions are implanted in the 
NMOS and PMOS areas; 
[0012] FIG. 6 illustrates processing subsequent to FIG. 5 
after a hydrogen-containing silicon nitride layer is deposited 
over the metal gate electrodes; 
[0013] FIG. 7 illustrates processing subsequent to FIG. 6 
after hydrogen is selectively implanted into the PMOS areas 
around a patterned implant mask; 
[0014] FIG. 8 illustrates processing subsequent to FIG. 7 
after the silicon nitride layer is etched to form implant side 
Wall spacers on the metal gate electrodes and second source/ 
drain regions are implanted in the NMOS and PMOS areas 
around the implant sideWall spacers; 
[0015] FIG. 9 is a partial cross-sectional vieW of a semi 
conductor Wafer structure in Which metal gate electrodes and 
source/drain regions have been formed in the NMOS and 
PMOS areas; 
[0016] FIG. 10 illustrates processing subsequent to FIG. 9 
after implant sideWall spacers have been removed from the 
metal gate electrodes; and 
[0017] FIG. 11 illustrates processing subsequent to FIG. 10 
after a hydrogen-containing silicon nitride layer is deposited 
over the metal gate electrodes; and 
[0018] FIG. 12 illustrates processing subsequent to FIG. 11 
after hydrogen is selectively implanted into the PMOS areas 
around a patterned implant mask. 
[0019] It Will be appreciated that for simplicity and clarity 
of illustration, elements illustrated in the draWings have not 
necessarily been draWn to scale. For example, the dimensions 
of some of the elements are exaggerated relative to other 
elements for purposes of promoting and improving clarity 
and understanding. Further, Where considered appropriate, 
reference numerals have been repeated among the draWings 
to represent corresponding or analogous elements. 

DETAILED DESCRIPTION 

[0020] A semiconductor fabrication process and resulting 
integrated circuit are described for manufacturing high per 
formance PMOS transistor devices on a semiconductor Wafer 
substrate Which is used to form both PMOS and NMOS 
devices. By forming sideWall spacers With hydrogen-contain 
ing silicon nitride layer that is selectively implanted With 
hydrogen in the PMOS region, the channel stress and surface 
passivation conditions of the NMOS and PMOS devices in a 
semiconductor Wafer are selectively controlled to produce an 
integrated circuit that is favorable for both NMOS and PMOS 
devices With reduced interface trap density in the PMOS 
devices. In selected embodiments, implant sideWall spacers 
are formed after implanting the source/drain extension 
regions around the metal gate electrodes by depositing a 
hydrogen-containing silicon nitride layer, selectively 
implanting hydrogen into the silicon nitride layer in the 



US 2010/0171180 A1 

PMOS device region, and then anisotropically etching the 
silicon nitride layer to form implant sidewall spacers for the 
NMOS and PMOS transistor devices. The silicon nitride side 
Wall implant spacers are used as an implant mask during 
implantation of the deep source/ drain regions. The hydrogen 
implantation into the silicon nitride spacer in the PMOS 
region provides a source of hydrogen that improves the inter 
face trap density (DIT) to reduce channel defectivity in the 
PMOS devices. In other embodiments, additional sideWall 
spacers are formed after the NMOS and PMOS (silicided) 
deep source/drain regions are formed by ?rst removing the 
implant sideWall spacers from the NMOS and PMOS metal 
gate electrodes, and then depositing a hydrogen-rich silicon 
nitride layer over the NMOS and PMOS metal gate electrodes 
Which may also be selectively implanted With additional 
hydrogen in the PMOS device region. The hydrogen-rich 
silicon nitride layer provides a source of hydrogen that 
improves the interface trap density (DIT) to reduce channel 
defectivity in the PMOS devices. By forming hydrogen-rich 
sideWall spacers in close proximity to the PMOS channel 
region, hydrogen-assisted interface trap passivation is 
enabled by introducing hydrogen Which passivates surface 
dangling bonds of the channel semiconductor. 
[0021] Various illustrative embodiments of the present 
invention Will noW be described in detail With reference to the 
accompanying ?gures. While various details are set forth in 
the folloWing description, it Will be appreciated that the 
present invention may be practiced Without these speci?c 
details, and that numerous implementation-speci?c decisions 
may be made to the invention described herein to achieve the 
device designer’s speci?c goals, such as compliance With 
process technology or design-related constraints, Which Will 
vary from one implementation to another. While such a devel 
opment effort might be complex and time-consuming, it 
Would nevertheless be a routine undertaking for those of 
ordinary skill in the art having the bene?t of this disclosure. 
For example, selected aspects are depicted With reference to 
simpli?ed cross sectional draWings of a semiconductor 
device Without including every device feature or geometry in 
order to avoid limiting or obscuring the present invention. 
Such descriptions and representations are used by those 
skilled in the art to describe and convey the substance of their 
Work to others skilled in the art. In addition, although speci?c 
example materials are described herein, those skilled in the 
art Will recogniZe that other materials With similar properties 
can be substituted Without loss of function. It is also noted 
that, throughout this detailed description, certain materials 
Will be formed and removed to fabricate the semiconductor 
structure. Where the speci?c procedures for forming or 
removing such materials are not detailed beloW, conventional 
techniques to one skilled in the art for groWing, depositing, 
removing or otherWise forming such layers at appropriate 
thicknesses shall be intended. Such details are Well knoWn 
and not considered necessary to teach one skilled in the art of 
hoW to make or use the present invention. 

[0022] Referring noW to FIG. 1, there is shoWn a partial 
cross-sectional vieW of a semiconductor Wafer structure 1. 
The structure 1 includes a semiconductor layer 12 formed on 
or as part of a semiconductor substrate 10 that has a ?rst 
crystallographic orientation. Also illustrated is a shalloW 
trench isolation 14 that divides the layer 12 into separate 
regions. Depending on the type of transistor device being 
fabricated, the semiconductor layer 10, 12 may be imple 
mented as a bulk silicon substrate, single crystalline silicon 
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(doped or undoped), semiconductor on insulator (SOI) sub 
strate, or any semiconductor material including, for example, 
Si, SiC, SiGe, SiGeC, Ge, GaAs, InAs, InP, as Well as other 
III/V or II/V I compound semiconductors or any combination 
thereof, and may optionally be formed as the bulk handling 
Wafer. The semiconductor layer 10, 12 has a channel crystal 
lographic orientation of <l00>. Although not shoWn, the 
materials of layer 12 for NMOS and PMOS device areas 96, 
97 may be different. And for any FET type (NMOS or 
PMOS), the layer 12 may consist of multiple stacks of mate 
rials. Of note is that although bulk type of substrate is shoWn 
here for the description of the invention, the invention is not 
limited to any speci?c substrate type. For example, the start 
ing substrate for the invention can be of semiconductor-on 
insulator (SOI) type having a buried insulator layer under a 
top layer of semiconductor. 
[0023] The isolation regions or structures 14 are formed to 
electrically isolate the NMOS device area(s) 96 from the 
PMOS device area(s) 97. Isolation structures 14 de?ne lateral 
boundaries of an active region or transistor region 96, 97 in 
active layer 12, and may be formed using any desired tech 
nique, such as selectively etching an opening in the second 
semiconductor layer 12 using a patterned mask or photoresist 
layer (not shoWn), depositing a dielectric layer (e.g., oxide) to 
?ll the opening, and then polishing the deposited dielectric 
layer until planariZed With the remaining second semiconduc 
tor layer 12. Any remaining unetched portions of the pat 
terned mask or photoresist layer(s) are stripped or removed. 

[0024] FIG. 2 illustrates processing of a semiconductor 
Wafer structure 2 subsequent to FIG. 1 Where a masking layer 
21 is selectively formed over NMOS areas 96 of the semicon 
ductor Wafer structure that Will be used to form NMOS 
devices. For example, one or more masking layers 21 (e.g., an 
oxide layer and/ or nitride layer) may be deposited and/or 
groWn over the semiconductor Wafer structure, and then con 
ventional patterning and etching techniques may be used to 
form an opening in the mask layer(s) 21 that exposes at least 
the PMOS device area 97. The selectively formed masking 
layer 21 is used to de?ne and differentiate active regions for 
NMOS and PMOS devices subsequently formed on the Wafer 
structure 12. 

[0025] FIG. 3 illustrates processing of a semiconductor 
Wafer structure 3 subsequent to FIG. 2 after a thin, compres 
sively stressed semiconductor layer 22 is selectively formed 
over the PMOS area(s) 97 of the semiconductor Wafer struc 
ture that Will be used to form PMOS devices. In selected 
embodiments, the thin, compressively stressed semiconduc 
tor layer 22 is formed With a semiconductor material having 
larger atom-to-atom spacing than the underlying second 
semiconductor layer 12, such as SiGe, SiGeC, or combina 
tions and composition by Weight thereof, Which is capable of 
being formed utiliZing a selective epitaxial groWth method or 
other deposition methods accompanied by subsequent re 
crystallization. For example, if PMOS devices are formed 
over the semiconductor layer 12 in the PMOS area 97 and the 
semiconductor material for layer 12 is silicon, the semicon 
ductor layer 22 may be formed by epitaxially groWing a SiGe 
layer that is thicker than a critical relaxation thickness to form 
a compressive SiGe layer 22. This epitaxial groWth may be 
achieved by a process of chemical vapor deposition (CVD) at 
a chamber temperature betWeen 400 and 900° C. in the pres 
ence of dichlorosilane, germane (GeH4), HCl, and hydrogen 
gas. So long as the thickness of the SiGe layer 22 is larger than 
the critical relaxation thickness, the SiGe layer 22 is com 
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pressively stressed. As Will be appreciated, the critical relax 
ation thickness for a SiGe layer Will depend on the amount of 
germanium contained in the layer 22, though in an example 
embodiment, an epitaxially grown SiGe layer 22 that is 
approximately 50 Angstroms or more Will have a biaxial 
compressive strain because of the lattice mismatch betWeen 
layers 22 and 12. Another advantage of forming a relatively 
thin semiconductor layer 22 is to minimize the step height 
difference betWeen the ?nally formed NMOS and PMOS 
device areas 96, 97, thereby improving processing uniformity 
betWeen the tWo areas. While not shoWn, the silicon germa 
nium layer 22 may be provided With a grading or concentra 
tion of germanium as a function of depth, and there may also 
be a silicon cap layer formed or epitaxially groWn over the 
silicon germanium layer 22 in the PMOS area(s) 97 of the 
semiconductor Wafer structure. As described herein, the com 
pressively stressed SiGe layer 22 is highly susceptible to 
interface degradation Which can be reduced by providing the 
hydrogen passivation bene?ts described herein, but it Will be 
appreciated that a compressively stressed SiGe layer 22 is not 
required since the hydrogen passivation bene?ts may also be 
obtained With reference to silicon channel devices. 

[0026] FIG. 4 illustrates processing of a semiconductor 
Wafer structure 4 subsequent to FIG. 3 after the mask layer 21 
is removed, and metal gate electrodes 24, 34 are formed in the 
NMOS and PMOS areas 96, 97, respectively. As illustrated, 
NMOS metal gate electrode 24 includes one or more gate 
dielectric layers 25, a metal-based conductive layer 26 over 
lying the gate dielectric 25, and a polysilicon layer 27 formed 
on the metal-based layer 26. In similar fashion, PMOS metal 
gate electrode 34 includes one or more gate dielectric layers 
35, a metal-based conductive layer 36 overlying the gate 
dielectric 35, and a polysilicon layer 37 formed on the metal 
based layer 36. Gate dielectric layer(s) 25, 35 may be formed 
by depositing or groWing an insulator or high-k dielectric 
over the NMOS substrate layer 12 and/or PMOS substrate 
layer 22 using chemical vapor deposition (CVD), plasma 
enhanced chemical vapor deposition (PECVD), physical 
vapor deposition (PVD), atomic layer deposition (ALD), 
thermal oxidation, or any combination(s) of the above to a 
predetermined ?nal thickness in the range of 0.1-10 nanom 
eters, though other thicknesses may be used. While the gate 
dielectric layer(s) 25, 35 may be formed With insulator mate 
rials (such as silicon dioxide, oxynitride, nitride, nitride SiO2, 
SiGeO2, GeO2, etc.), other suitable materials include metal 
oxide compounds such as hafnium oxide (preferably HfOZ), 
though other oxides, silicates or aluminates of Zirconium, 
aluminum, lanthanum, strontium, tantalum, titanium and 
combinations thereof may also be used, including but not 
limited to Ta2O5, ZrO2, HfO2, TiO2, A1203, Y2O3, La2O3, 
HfSiNyOX, ZrSiNyOX, ZrHfOx, LaSiOX, YSiOX, ScSiOX, 
CeSiOX, HfLaSiOX, HfAlOX, ZrAlOX, and LaAlOX. In addi 
tion, multi-metallic oxides (for example barium strontium 
titanate, BST) may also provide high-k dielectric properties. 
[0027] After forming the gate dielectric layer(s) 25, 35, an 
unetched gate stack is formed using any desired metal gate 
stack formation sequence. For example, one or more conduc 
tive layers are sequentially deposited or formed over the gate 
dielectric layer(s) 25, 35 to form a ?rst gate stack that includes 
at least (doped or undoped) semiconductor layer 27, 37 
formed over a metal-based conductive layers 26, 36. In one 
embodiment, the one or more metal or metal-based layers 26, 
36 are formed using any desired deposition or sputtering 
process, such as CVD, PECVD, PVD, ALD, molecular beam 
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deposition (MBD) or any combination(s) thereof. The metal 
based conductive layers 26, 36 include an element selected 
from the group consisting of Ti, Ta, Ir, Mo, Ru, W, Os, Nb, Ti, 
V, Ni, and Re. In selected embodiments, the metal-based 
conductive layer 36 may be formed With a metal or metal 
based layer that has a mid-gap Work function that is suitable 
for NMOS and PMOS transistors, such as by depositing a TiN 
layer having a thickness of 20-100 Angstroms, though other 
metallic gate layer materials (such as Al, W, HfC, TaC, TaSi, 
ZrC, Hf, etc.) or even a conductive metal oxide (such as IrO2), 
and different thicknesses, may be used. In addition or in the 
alternative, the metal-based conductive layer 26 may be 
formed With a metal or metal-based layer that has a Work 
function that is suitable for a PMOS transistor. As Will be 
appreciated, the metal-based conductive layers 26, 36 may be 
formed from one or more layers. While the present descrip 
tion is provided With reference to selected embodiments 
employing a metal gate and high-k gate dielectric structure, it 
Will be appreciated that the hydrogen passivation bene?ts 
may also be obtained With reference to non-metal gates, such 
as PMOS polysilicon gates formed on a SiON gate dielectric 
layer. 
[0028] After depositing the metal-based conductive layer 
(s) 26, 36, a heavily doped (e.g., n+) polysilicon layer 27, 37 
may be formed using CVD, PECVD, PVD, ALD, or any 
combination(s) thereof to a thickness in the range of approxi 
mately l-200 nanometers, though other materials and thick 
nesses may be used. As deposited, the polysilicon layer 27, 37 
may be formed as an undoped or lightly doped layer having 
relatively loW conductivity or current How, in Which case the 
conductivity in the polysilicon layer is established With one or 
more subsequent doping or implantation steps. HoWever, it 
Will be appreciated, that the polysilicon layer 27, 37 may be 
formed as a heavily doped layer having relatively high con 
ductivity, in Which case the conductivity in the polysilicon 
layer may be reduced in a predetermined region of the silicon 
containing layer by counter-doping With one or more subse 
quent doping or implantation steps. As deposited, the poly 
silicon layer 27, 37 can be formed in an initial amorphous or 
polycrystalline state, but it Will be in a polycrystalline state 
after subsequent annealing steps in the device integration. 
The material(s) for the polysilicon layer 27, 37 can be silicon, 
silicon-germanium, or other suitable semiconductors. 

[0029] Once the unetched gate stack is formed, NMOS gate 
electrode layers 25-27 and PMOS gate electrode layers 35-37 
are selectively etched to form the NMOS metal gate electrode 
(s) 24 and PMOS metal gate electrode(s) 34. As Will be 
appreciated, the metal gate electrodes 24, 34 may be formed 
using any desired pattern and etching processes, including 
application and patterning of photoresist directly on the semi 
conductor layer 27, 37, or using a multi-layer masking tech 
nique to sequentially forming a ?rst anti-re?ective coating 
(ARC) layer, a second masking layer (such as a hardmask or 
TEOS layer) and a photoresist layer (not shoWn) Which is 
patterned and trimmed to form a resist pattern over the 
intended gate electrodes 24, 34. The ?rstARC layer Will act as 
a hard mask When the semiconductor layers 27, 37 and metal 
based conductive layers 26, 36 are subsequently etched. In 
turn, the second masking layer Will serve as a hard mask for 
the etching of the ?rst ARC layer, and the photoresist layer 
may be formed from any appropriate photoresist material 
(e.g., 193 nm resist) that is patterned (e.g., using a 193 nm 
develop) and etched to form a resist pattern over the second 
masking layer. 
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[0030] FIG. 5 illustrates processing of a semiconductor 
Wafer structure 5 subsequent to FIG. 4 after ?rst extension 
source/drain regions 28, 38 are implanted in the NMOS and 
PMOS areas 96, 97, respectively. Though not explicitly illus 
trated, the ?rst extension source/drain regions 28, 38 may be 
formed by ?rst masking the PMOS area 97 and implanting 
exposed portions of the NMOS area 96 (including the semi 
conductor layer 12) With a ?rst n-type implant to form the 
lightly doped extension regions 28. Separately, the NMOS 
area 96 may be masked and exposed portions of the PMOS 
area 97 (including the semiconductor layer 12 and compres 
sively stressed SiGe layer 22) may be implanted With p-type 
impurities to form the lightly doped extension regions 38 in 
the PMOS transistor areas 97. Though not shoWn, the implan 
tation steps may be used to implant the gate electrodes 24, 34. 
[0031] Referring noW to FIG. 6, there is illustrated the 
processing of the semiconductor Wafer structure 6 subsequent 
to FIG. 5 after a hydrogen-containing dielectric layer 62 is 
deposited over the NMOS and PMOS transistors 24, 34 in 
accordance With one or more ?rst example embodiments. In 
selected embodiments, the hydrogen-containing dielectric 
layer 62 is formed as silicon nitride that is deposited using a 
plasma-enhanced CVD technique to a thickness in the range 
of 200-1000 Angstroms, and more particularly approxi 
mately 350 Angstroms, though other materials and/or thick 
nesses may be used. For a silicon nitride layer, typically the 
SiiN to SiiH bonding in?uences Whether there is stress 
and/ or the stress type (tensile or compressive). In the embodi 
ments depicted in FIG. 6, the deposition conditions (e. g., 
deposition rate, pressure, UV curing, and other factors knoWn 
in the art) may be selected to control the presence or type of 
stress created in the hydrogen-containing dielectric layer 62 
and in betWeen the layer 62 and the underlying NMOS and 
PMOS channel regions. While the hydrogen-rich dielectric 
layer 62 is depicted as being formed on the exposed sideWalls 
of the NMOS and PMOS gate structures 24, 34, it Will be 
appreciated that hydrogen-rich dielectric layer 62 can also be 
formed on a dielectric liner layer located on the sideWalls of 
the gate structures. For example, the hydrogen-rich dielectric 
layer 62 may be deposited on a thin oxide liner (approxi 
mately 30-150 A), and still effectively provide the hydrogen 
passivation bene?ts described herein. 
[0032] FIG. 7 illustrates processing of the semiconductor 
Wafer structure 7 subsequent to FIG. 6 after hydrogen 74 is 
selectively implanted into the hydrogen-containing dielectric 
layer 62 in the PMOS areas. A patterned implant mask 72 may 
be used to selectively implant the hydrogen 74 into the PMOS 
regions 97, such as by using a photoresist patterning process 
to form a photoresist-masking layer 72 over NMOS areas 96 
of the semiconductor Wafer structure 7 that Will be used to 
form NMOS devices. For example, one or more photoresist or 
masking layers 72 (e.g., an oxide layer and/or nitride layer) 
may be deposited and/ or groWn over the semiconductor Wafer 
structure, and then conventional patterning and etching tech 
niques may be used to form an opening in the mask layer(s) 72 
that exposes at least the PMOS device area 97. The selectively 
formed masking layer 72 is used to de?ne and differentiate 
active regions for NMOS and PMOS devices subsequently 
formed on the semiconductor Wafer structure 7. 

[0033] After masking off the hydrogen-containing dielec 
tric layer 62 in the NMOS region 96 With the patterned mask 
ing layer 72, the hydrogen-containing dielectric layer 62 is 
processed to increase the hydrogen content. While any 
desired hydrogen enhancement technique may be used, in 
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selected embodiments, an implant 74 may be performed to 
implant hydrogen into the hydrogen-containing dielectric 
layer 62 in the PMOS region 97, thereby forming an 
implanted hydrogen-rich silicon nitride layer 76. In accor 
dance With selected embodiments, the hydrogen implant 74 
may be performed by implanting hydrogen atoms in an 
energy range of2.5 KeVto 5.5 KeV ata dose of1E15 to 1E16 
per cm2 or more, though other implant energies and/ or doses 
may be used. By masking off the NMOS region 96 from the 
hydrogen implantation 74, the hydrogen-containing dielec 
tric layer 62 is protected against additional hydrogen being 
formed in the NMOS region 96. After the hydrogen implan 
tation step, the photoresist or mask layer 72 is stripped or 
removed. In selected embodiments, the ?nal hydrogen atomic 
concentration in the hydrogen-implanted dielectric layer is 
greater than 7%. 
[0034] FIG. 8 illustrates processing of the semiconductor 
Wafer structure 8 subsequent to FIG. 7 after the hydrogen 
containing dielectric layer 62 and implanted hydrogen-rich 
silicon nitride layer 76 are anisotropically etched to form 
implant sideWall spacers 81, 91 on the sideWalls of the NMOS 
and PMOS gates 26-27 and 36-37, respectively. As Will be 
appreciated, any desired anisotropic or selectively directional 
etch technique may be used to form the implant sideWall 
spacers 81, 91, including a dry etching process such as reac 
tive-ion etching, ion beam etching, plasma etching or laser 
etching or the like. The etch process is controlled to form 
implant sideWall spacers 81, 91 to have a controlled Width 
having thickness in the range of 150-400 Angstroms, though 
other thicknesses may be used. As shoWn in FIG. 8, the 
implant sideWall spacers 81 formed on the NMOS gate elec 
trodes are formed from the hydrogen-containing dielectric 
layer 62, and therefore a hydrogen-rich layer is not formed in 
close proximity to the NMOS channel region. In contrast, the 
implant sideWall spacers 91 formed on the PMOS gate elec 
trodes are formed from the implanted hydrogen-rich silicon 
nitride layer 76. This effectively results in the additional 
implanted hydrogen being blocked from the NMOS channel 
region. By forming the hydrogen-rich spacers 91 in close 
proximity to the PMOS gate electrode sideWalls, improved 
hydrogen passivation is provided for the PMOS channel 
region. 
[0035] FIG. 8 also shoWs that second heavily doped or deep 
source/drain regions 82, 92 are implanted in the NMOS and 
PMOS areas 96, 97, respectively, thereby forming NMOS 
transistors (80) and PMOS transistors (90). As illustrated, 
heavily doped source/drain regions 82 may be formed by 
selectively masking the PMOS area 97 to expose NMOS 
implant regions (not shoWn) and implanting n-type impurities 
into the exposed substrate layer 12, using the NMOS gate 
electrode(s) 26, 27 and the implant sideWall spacers 81 as an 
implant mask to protect the NMOS channel from implanta 
tion. In similar fashion, the extension region(s) 38 and/or 
heavily doped source/drain region(s) 92 in the PMOS area 97 
may be formed by implanting p-type impurities into the 
exposed substrate layer 12 and SiGe layer 22 in the PMOS 
area 97 using the PMOS gate electrode(s) 36, 37 and the 
implant sideWall spacers 91 as an implant mask to protect the 
PMOS channel from implantation. Though not shoWn, it Will 
be appreciated, that the NMOS and PMOS transistors 80, 90 
may include silicide layers in the source/drain regions and 
gate electrodes. 
[0036] In addition to the forming implant sideWall spacers 
With a hydrogen-rich silicon nitride layer described herein 
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above for the PMOS transistor devices, there are other tech 
niques for differentially stressing the NMOS and PMOS 
channel regions. For example, FIG. 9 illustrates is a partial 
cross-sectional vieW of a semiconductor Wafer structure 100 
in accordance With other example embodiments in Which 
metal gate electrodes 119, 129 and source/drain regions 108, 
118 (including extension and deep source/drain regions) have 
been formed in the NMOS and PMOS areas 196, 197, respec 
tively. As illustrated, NMOS gate electrode structure 119 may 
include one or more gate dielectric layers 104 formed over the 
NMOS active area 102 in the NMOS region 196, a conductive 
metal-based gate electrode layer 105 overlying the gate 
dielectric 104, a polysilicon gate electrode layer 106 overly 
ing the metal-based gate electrode layer 105, and sideWall 
spacers 107 formed from one or more dielectric layers on the 

sideWalls of gate electrode layer 105, 106. In similar fashion, 
PMOS gate electrode structure 129 may include one or more 

gate dielectric layers 114 formed over the PMOS active layer 
102 and SiGe active layer 103 in the PMOS region 197, a 
conductive metal-based gate electrode layer 115 overlying 
the gate dielectric 114, a polysilicon gate electrode layer 116 
overlying the metal-based gate electrode layer 115, and side 
Wall spacers 117 formed from one or more dielectric layers on 

the sideWalls of gate electrode 115, 116. As implied by the 
sequence of the reference numerals, one or more sideWall 
spacers 107, 117 are formed on at least the sideWalls of the 
gate electrodes 105/106, 115/116 by depositing and anisotro 
pically etching one or more spacer dielectric layers Which 
may include an offset or spacer liner layer (e.g., a deposited or 
groWn silicon oxide), alone or in combination With an exten 
sion dielectric layer. With the sideWall spacers 107, 117 in 
place, an implant mask (not shoWn) may be formed over the 
PMOS area 197 to expose the NMOS transistor area 196 to an 
implantation Which forms the NMOS source/drain regions 
108. Likewise, an implant mask (not shoWn) may be formed 
over the NMOS area 196 to expose the PMOS transistor area 
197 to an implantation Which forms the PMOS source/drain 
regions 118 around the PMOS gate electrode 129 and side 
Wall spacers 117. Though not shoWn, it Will be appreciated, 
that the NMOS and PMOS transistors may include silicide 
layers in the source/drain regions and gate electrodes. As 
described herein, any desired fabrication techniques may be 
used to groW, deposit, pattern, remove, etch or otherWise 
forming the various transistor device features. 
[0037] FIG. 10 illustrates processing of the semiconductor 
Wafer structure 110 subsequent to FIG. 9 after the implant 
sideWall spacers 107, 117 have been removed from the metal 
gate electrodes 119, 129, thereby exposing the gate sideWalls. 
As Will be appreciated, any desired selective etch technique 
may be used to remove the implant spacers 107, 117. For 
example, if the sideWall implant spacers 107, 117 are formed 
With silicon nitride, an oxide liner layer (not shoWn) may be 
groWn over the semiconductor Wafer structure 110 to protect 
the exposed substrate layer 102 and gate layer 106, 116, and 
then a etch chemistry or process may be applied that is selec 
tive to oxide so that only the nitride spacers 107, 117 are 
removed from the sideWalls of the NMOS and PMOS gates 
119, 129. The removal of the implant spacers 107, 117 alloWs 
a hydrogen-rich source material to be formed adjacent to at 
least the PMOS gate electrodes 129 for to enable hydrogen 
assisted interface trap passivation by introducing hydrogen 
Which passivates surface dangling bonds of the PMOS chan 
nel semiconductor. 
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[0038] Referring noW to FIG. 11, there is illustrated the 
processing of the semiconductor Wafer structure 120 subse 
quent to FIG. 10 after a hydrogen-rich dielectric layer 122 is 
deposited over the NMOS and PMOS transistors 119, 129 in 
accordance With one or more second example embodiments. 
In selected embodiments, the hydrogen-rich dielectric layer 
122 is deposited as a silicon nitride layer using a PECVD 
technique to a thickness in the range of 300-1000 Angstroms, 
and more particularly approximately 600 Angstroms, though 
other materials and/ or thicknesses may be used. In addition, 
the hydrogen-rich silicon nitride layer 122 is characterized in 
terms of having a hydrogen atomic content in the range of 
7-15 percent, and more particularly on the order of at least 7 
percent. As Will be appreciated, the deposition conditions 
(e.g., deposition rate, pressure, UV curing, and other factors 
knoWn in the art) may be selected to control the presence or 
type of stress created in the hydrogen-containing silicon 
nitride layer 62 and in betWeen the layer 62 and the underly 
ing NMOS and PMOS channel regions. At this point in the 
fabrication process When the source/drain regions 108, 118 
have already been annealed, the placement of the hydrogen 
rich silicon nitride layer 122 in close proximity to the NMOS 
gate electrode 119 does not adversely affect the NMOS 
device performance. 
[0039] FIG. 12 illustrates processing of the semiconductor 
Wafer structure 130 subsequent to FIG. 11 after hydrogen 134 
is selectively implanted into the hydrogen-rich dielectric 
layer 122 in the PMOS areas. A patterned implant mask 132 
may be used to selectively implant the hydrogen 134 into the 
PMOS regions 197, such as by using a photoresist patterning 
process to form a photoresist-masking layer 132 over NMOS 
areas 196 of the semiconductor Wafer structure 130 that Will 
be used to form NMOS devices. For example, one or more 
photoresist or masking layers 132 (e. g., an oxide layer and/or 
nitride layer) may be deposited and/or groWn over the semi 
conductor Wafer structure, and then conventional patterning 
and etching techniques may be used to form an opening in the 
mask layer(s) 132 that exposes at least the PMOS device area 
197. 

[0040] After masking off the hydrogen-rich dielectric layer 
122 in the NMOS region 196 With the patterned masking 
layer 132, the hydrogen-containing dielectric layer is pro 
cessed to increase the hydrogen content in the PMOS region 
197, such as by implanting hydrogen, thereby forming an 
implanted hydrogen-rich silicon nitride layer 136. In accor 
dance With selected embodiments, the hydrogen implant 134 
may be performed by implanting hydrogen atoms in an 
energy range of2.5 KeVto 5.5 KeV atadose oflEl5 to lEl6 
per cm2 or more, though other implant energies and/ or doses 
may be used. By masking off the NMOS region 196 from the 
hydrogen implantation 134, the hydrogen-rich dielectric 
layer 122 is protected against additional hydrogen being 
formed in the NMOS region 196. After the hydrogen implan 
tation step, the photoresist or mask layer 132 is stripped or 
removed. 

[0041] As Will be appreciated, additional or different pro 
cessing steps may be used to complete the fabrication of the 
depicted gate electrode structures into functioning transistors 
including, but not limited to, one or more sacri?cial oxide 
formation, stripping, extension implant, halo implant, spacer 
formation, source/drain implant, source/drain anneal, contact 
area silicidation, and polishing steps. In addition, conven 
tional backend processing (not depicted) typically including 
multiple levels of interconnect is then required to connect the 
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transistors in a desired manner to achieve the desired func 
tionality. Thus, the speci?c sequence of steps used to com 
plete the fabrication of the gate transistors may vary, depend 
ing on the process and/or design requirements. 
[0042] By noW, it should be appreciated that there has been 
provided herein a semiconductor fabrication process for 
forming a PMOS ?eld effect transistor device. In the dis 
closed methodology, a Wafer is provided that includes a ?rst 
semiconductor layer, either alone as a bulk substrate or in 
combination With an underlying buried insulating layer as 
part of an SOI substrate. On at least part of the ?rst semicon 
ductor layer, a compressive silicon germanium layer may be 
formed, such as by epitaxially groWing silicon germanium to 
a predetermined thickness. At least a PMOS gate structure, 
such as a high-k dielectric and a metal gate electrode, is 
formed over the ?rst semiconductor layer and compressive 
silicon germanium layer to de?ne a PMOS transistor channel 
region Which includes at least a portion of the compressive 
silicon germanium layer beloW the PMOS gate structure. In 
addition, a hydrogen-rich dielectric layer is formed on 
exposed sideWalls of the PMOS gate structure or adjacent 
thereto, Where the hydrogen-rich dielectric layer acts as a 
hydrogen source for a gate dielectric layer under the PMOS 
gate structure. For example, the hydrogen-rich dielectric 
layer may have a hydrogen atomic content in the range of 7- l 5 
percent, and more particularly on the order of at least approxi 
mately 7-15 percent. In selected embodiments, the hydrogen 
rich dielectric layer is formed by depositing a silicon nitride 
layer on exposed sidewalls of the PMOS gate structure (or 
adjacent thereto if a dielectric liner is present) prior to form 
ing deep source/drain regions, implanting hydrogen into the 
silicon nitride layer to form a hydrogen-rich silicon nitride 
layer on or adjacent to the sideWalls of the PMOS gate struc 
ture, and then anisotropically etching the hydrogen-rich sili 
con nitride layer to form sideWall implant spacers adjacent to 
the PMOS gate structure that are used as an implant mask to 
implant deep source/drain regions into at least the compres 
sive silicon germanium layer. In other selected embodiments, 
the hydrogen-rich dielectric layer is formed by ?rst selec 
tively etching implant spacers from sideWalls of the PMOS 
gate structure that Were used to form source/drain regions 
beloW the PMOS gate structure, folloWed by depositing a 
hydrogen-rich silicon nitride layer on or adjacent to the side 
Walls of the PMOS gate structure after forming the source/ 
drain regions, and then implanting hydrogen into the hydro 
gen-rich silicon nitride layer on or adjacent to the exposed 
sideWalls of the PMOS gate structure. 

[0043] In another form, there is provided a CMOS fabrica 
tion process for forming a semiconductor integrated circuit. 
As disclosed, a ?rst semiconductor layer is formed that may 
have a <l00> channel orientation, and that may have a com 
pressive silicon germanium layer formed on at least the 
PMOS device area of the semiconductor layer. On the semi 
conductor layer, NMOS and PMOS gate structures are 
formed, Which may include a high-k dielectric and a metal 
gate electrode, to de?ne NMOS and PMOS transistor channel 
regions. A hydrogen-rich dielectric layer is formed on or 
adjacent to the sideWalls of at least the PMOS gate structures 
(or adjacent thereto if a dielectric liner is present) to act as a 
hydrogen source for passivating channel surface defectivity 
under the PMOS gate structure. For example, the hydrogen 
rich dielectric layer may have a hydrogen atomic content in 
the range of 7- l 5 percent, and more particularly on the order 
of at least 7 percent. In selected embodiments, the hydrogen 
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rich dielectric layer is formed by depositing a hydrogen 
containing silicon nitride layer by PECVD on or adjacent to 
the sideWalls of the PMOS and NMOS gate structures; form 
ing a patterned implant mask to cover the NMOS gate struc 
tures and expose the silicon nitride layer on the PMOS gate 
structures; selectively implanting hydrogen into the silicon 
nitride layer on the PMOS gate structures to form a hydro gen 
rich silicon nitride layer on or adjacent to the sideWalls of the 
PMOS gate structures; removing the patterned implant mask; 
and then anisotropically etching the hydrogen-rich silicon 
nitride layer to form hydrogen-rich sideWall implant spacers 
adjacent to the PMOS gate structure Which are used during 
implantation of p-type deep source/drain regions in at least 
the ?rst semiconductor layer using the hydrogen-rich side 
Wall implant spacers and PMOS gate structure as an implan 
tation mask. In other embodiments, the hydro gen-rich dielec 
tric layer is formed by depositing a hydrogen-rich silicon 
nitride layer on or adjacent to the sideWalls of the PMOS gate 
structure after forming silicided source/drain regions around 
the PMOS and NMOS gate structures and in the ?rst semi 
conductor layer, Where the hydro gen-rich silicon nitride layer 
on or adjacent to the sideWalls of the PMOS gate structures 
may be selectively implanted With hydrogen. 
[0044] In yet another form, there is provided a semiconduc 
tor device and method for fabricating same, Where the semi 
conductor device includes PMOS and NMOS gate structures 
overlying a semiconductor substrate Which has a <1 00> chan 
nel orientation and Which comprises a silicon germanium 
channel region layer formed in a PMOS device area. In the 
semiconductor device, ?rst sideWall structures are formed 
adjacent to the NMOS gate structures, and second hydro gen 
rich sideWall structures are formed adjacent to the PMOS gate 
structures Which have a hydrogen atomic content that is at or 
above the predetermined threshold percentage so as to pro 
vide a hydrogen source for passivating channel surface defec 
tivity under the PMOS gate structures. 
[0045] Although the described exemplary embodiments 
disclosed herein are directed to various semiconductor device 
structures and methods for making same, the present inven 
tion is not necessarily limited to the example embodiments 
Which illustrate inventive aspects of the present invention that 
are applicable to a Wide variety of semiconductor processes 
and/or devices. Thus, the particular embodiments disclosed 
above are illustrative only and should not be taken as limita 
tions upon the present invention, as the invention may be 
modi?ed and practiced in different but equivalent manners 
apparent to those skilled in the art having the bene?t of the 
teachings herein. Accordingly, the foregoing description is 
not intended to limit the invention to the particular form set 
forth, but on the contrary, is intended to cover such altema 
tives, modi?cations and equivalents as may be included 
Within the spirit and scope of the invention as de?ned by the 
appended claims so that those skilled in the art should under 
stand that they can make various changes, substitutions and 
alterations Without departing from the spirit and scope of the 
invention in its broadest form. 

[0046] Bene?ts, other advantages, and solutions to prob 
lems have been described above With regard to speci?c 
embodiments. HoWever, the bene?ts, advantages, solutions to 
problems, and any element(s) that may cause any bene?t, 
advantage, or solution to occur or become more pronounced 
are not to be construed as a critical, required, or essential 
feature or element of any or all the claims. As used herein, the 
terms “comprises,” “comprising,” or any other variation 
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thereof, are intended to cover a non-exclusive inclusion, such 
that a process, method, article, or apparatus that comprises a 
list of elements does not include only those elements but may 
include other elements not expressly listed or inherent to such 
process, method, article, or apparatus. 

1. A semiconductor fabrication process for forming a 
PMOS ?eld effect transistor device, comprising: 

providing a Wafer comprising a ?rst semiconductor layer; 
forming at least a PMOS gate structure overlying the ?rst 

semiconductor layer to de?ne a PMOS transistor chan 
nel region; and 

forming a hydrogen-rich dielectric layer on or adjacent to 
sideWalls of the PMOS gate structure by depositing a 
dielectric layer on or adjacent to sideWalls of the PMOS 
gate structure and implanting hydrogen into the dielec 
tric layer, Where the hydrogen-rich dielectric layer acts 
as a hydrogen source for a gate dielectric layer under the 
PMOS gate structure. 

2. The process of claim 1, further comprising forming a 
compressive silicon germanium layer on at least part of the 
?rst semiconductor layer so that the PMOS gate structure 
overlies the compressive silicon germanium layer to de?ne a 
PMOS transistor channel region comprising at least a portion 
of the compressive silicon germanium layer beloW the PMOS 
gate structure. 

3. The process of claim 2, Where forming the compressive 
silicon germanium layer comprises epitaxially groWing sili 
con germanium to a predetermined thickness. 

4. The process of claim 1, Where forming the hydro gen-rich 
dielectric layer comprises: 

depositing a silicon nitride layer on or adjacent to sideWalls 
of the PMOS gate structure prior to forming deep 
source/drain regions; 

implanting hydrogen into the silicon nitride layer to form a 
hydrogen-rich silicon nitride layer on or adjacent to the 
sideWalls of the PMOS gate structure; and 

anisotropically etching the hydrogen-rich silicon nitride 
layer to form sideWall implant spacers on or adjacent to 
the PMOS gate structure. 

5. The process of claim 1, further comprising selectively 
etching implant spacers from sideWalls of the PMOS gate 
structure prior to forming the hydrogen-rich dielectric layer, 
Where the implant spacers Were used to form source/drain 
regions beloW the PMOS gate structure. 

6. The process of claim 5, Where forming the hydro gen-rich 
dielectric layer comprises depositing a hydrogen-rich silicon 
nitride layer on or adjacent to sideWalls of the PMOS gate 
structure after forming the source/drain regions. 

7. The process of claim 6, Where forming the hydro gen-rich 
dielectric layer further comprises implanting hydrogen into 
the hydrogen-rich silicon nitride layer on or adjacent to side 
Walls of the PMOS gate structure. 

8. The process of claim 1, Where the PMOS gate structure 
comprises a high-k dielectric and a metal gate electrode. 

9. The process of claim 1, Where the hydrogen-rich dielec 
tric layer on or adjacent to sideWalls of the PMOS gate struc 
ture has a hydrogen atomic content of at least approximately 
7-15 percent. 

10. A CMOS fabrication process for forming a semicon 
ductor integrated circuit, comprising: 

providing a ?rst semiconductor layer; 
forming PMOS and NMOS gate structures over the ?rst 

semiconductor layer; and 
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forming a hydrogen-rich dielectric layer to act as a hydro 
gen source for passivating channel surface defectivity 
under the PMOS gate structure by: 

forming a silicon nitride layer on or adjacent to sideWalls 
of the PMOS and NMOS gate structures; 

selectively implanting hydrogen into the silicon nitride 
to form a hydrogen-rich silicon nitride layer on or 
adjacent to sideWalls of the PMOS gate structure; and 

anisotropically etching the hydrogen-rich silicon nitride 
layer to form hydrogen-rich sideWall implant spacers 
adjacent to the PMOS gate structure. 

11. The CMOS fabrication process of claim 10, further 
comprising forming a compressive silicon germanium layer 
in a PMOS device area and not an NMOS device area of the 

?rst semiconductor layer prior to forming the PMOS and 
NMOS gate structures. 

12. The CMOS fabrication process of claim 10, Where 
forming PMOS and NMOS gate structures comprises: 

forming a plurality of metal gate electrodes over a high-k 
containing dielectric layer that is formed on the ?rst 
semiconductor layer. 

13. (canceled) 
14. The CMOS fabrication process of claim 10, Where 

forming a silicon nitride layer comprises depositing a layer of 
hydrogen-containing silicon nitride using plasma-enhanced 
CVD. 

15. The CMOS fabrication process of claim 10, Where 
selectively implanting hydrogen comprises: 

forming a patterned implant mask to cover the NMOS gate 
structure and expose the silicon nitride layer on the 
PMOS gate structure; and 

implanting hydrogen into the silicon nitride layer on the 
PMOS gate structure to form the hydrogen-rich silicon 
nitride layer. 

16. The CMOS fabrication process of claim 15, further 
comprising removing the patterned implant mask after 
implanting hydrogen into the silicon nitride layer and before 
anisotropically etching the hydrogen-rich silicon nitride 
layer. 

17. The CMOS fabrication process of claim 10, Where 
forming the hydrogen-rich dielectric layer comprises depos 
iting a hydrogen-rich silicon nitride layer on or adjacent to 
sideWalls of the PMOS gate structure after forming silicided 
source/drain regions around the PMOS and NMOS gate 
structures and in the ?rst semiconductor layer and selectively 
implanting hydrogen into the hydrogen-rich silicon nitride 
layer on or adjacent to sideWalls of the PMOS gate structure. 

18. (canceled) 
19. The CMOS fabrication process of claim 10, Where the 

hydrogen-rich dielectric layer on or adjacent to sideWalls of 
the PMOS gate structure has a hydrogen atomic content on 
the order of at least 7 percent. 

20. A semiconductor device comprising: 
a semiconductor substrate With a <l00> channel orienta 

tion and comprising a silicon germanium channel region 
layer formed in a PMOS device area; 

PMOS and NMOS gate structures overlying the semicon 
ductor substrate; 

?rst sideWall structures formed adjacent to the NMOS gate 
structure; and 
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second hydrogen-rich sidewall structures formed adjacent for passivating channel surface defectivity under the 
to the PMOS gate structure Which have a hydrogen PMOS gate structure. 
atomic content that is at or above the predetermined 
threshold percentage so as to provide a hydrogen source * * * * * 


