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(57) ABSTRACT 

A method of forming a p-type semiconductor device is pro 
vided, which in one embodiment employs an aluminum con 
taining threshold voltage shift layer to produce a threshold 
Voltage shift towards the Valence band of the p-type semicon 
ductor device. The method of forming the p-type semicon 
ductor device may include forming a gate structure on a 
Substrate, in which the gate structure includes a gate dielectric 
layer in contact with the Substrate, an aluminum containing 
threshold voltage shift layer present on the gate dielectric 
layer, and a metal containing layer in contact with at least one 
of the aluminum containing threshold Voltage shift layer and 
the gate dielectric layer. P-type source and drain regions may 
be formed in the substrate adjacent to the portion of the 
Substrate on which the gate structure is present. A p-type 
semiconductor device provided by the above-described 
method is also provided. 
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SCALING OF METAL GATE WITH 
ALUMINUM CONTAINING METAL LAYER 

FOR THRESHOLD VOLTAGE SHIFT 

BACKGROUND 

0001. The present disclosure relates generally to semicon 
ductor devices, and more particularly to threshold Voltage 
modifications in semiconductor devices. 
0002 P-type field effect transistors (pFET) formed on sili 
con containing Substrates typically employ a gate structure 
including a boron (or other acceptor) doped p-type polysili 
con layer as a gate electrode deposited on top of a silicon 
dioxide or silicon oxynitride gate oxide layer. The gate Volt 
age is applied through this polysilicon layer to create an 
inversion channel in the n-type silicon underneath the gate 
oxide layer. For apFET to work properly, the inversion should 
begin occurring at slightly negative Voltages applied to the 
polysilicon (poly-Si) gate electrode. This occurs as a conse 
quence of the band alignment for the gate Stack structure. For 
example, a poly-Si/gate oxide/n-type silicon stack forms a 
capacitor that swings into inversion at around OV. The thresh 
old voltage Vt, which can be interpreted as the voltage at 
which the inversion starts occurring, is therefore approxi 
mately 0V. The exact value of the threshold voltages has some 
dependence on the doping level in the silicon Substrate, and 
can be varied somewhat by choosing an appropriate substrate 
doping level. When p-type field effect transistors are fabri 
cated using a dielectric, such as hafnium oxide or hafnium 
silicate, the flatband voltage of the device is shifted from its 
ideal position of close to about +1 V, to about 0+/-300 mV. 

SUMMARY 

0003. A method of forming a p-type semiconductor device 
is provided, which in one embodiment employs an aluminum 
containing threshold Voltage shift layer to produce a thresh 
old voltage shift towards the valence band of the p-type semi 
conductor device. The method of forming the p-type semi 
conductor device may include forming a gate structure on a 
Substrate, in which the gate structure includes a gate dielectric 
layer positioned on the Substrate, and an aluminum contain 
ing threshold Voltage shift layer positioned on the gate dielec 
tric layer. A metal-containing layer may also be present on the 
aluminum containing threshold Voltage shift layer. The metal 
containing layer may be a metal nitride layer or a metal gate 
conductor. A p-type source region and a p-type drain region 
(hereinafter “p-type source and drain region') may beformed 
in the substrate adjacent to the portion of the substrate on 
which the gate structure is present. 
0004. In another embodiment, a p-type semiconductor 
device may be provided by a method that includes forming a 
gate dielectric layer positioned on a Substrate, in which the 
gate dielectric layer includes an aluminum containing thresh 
old voltage shift layer embedded therein. Forming a metal 
containing layer positioned on the gate dielectric layer. Agate 
structure is then formed from the gate dielectric layer, the 
aluminum containing threshold Voltage shift layer and the 
metal containing layer, wherein the gate structure is present 
on a first portion of the substrate. P-type source and drain 
regions may be formed in the Substrate adjacent to the first 
portion of the Substrate on which the gate structure is present. 
0005. In a further embodiment, a p-type semiconductor 
device may be provided by a method that includes forming an 
aluminum containing threshold Voltage shift layer on a Sub 
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strate; forming a gate dielectric layer on the aluminum con 
taining threshold Voltage shift layer, forming a metal contain 
ing layer in contact with the gate dielectric layer, and forming 
a gate structure from the aluminum containing threshold Volt 
age shift layer, the gate dielectric layer and the metal contain 
ing layer, wherein the gate structure is present on a first 
portion of the Substrate. P-type source and drain regions are 
then formed in the substrate adjacent to the first portion of the 
substrate. 
0006. In another aspect of the invention, a p-type semicon 
ductor device is provided, in which an aluminum containing 
threshold Voltage shift layer that is present in the gate struc 
ture of the device induces a threshold voltage shift towards the 
Valence band of the p-type semiconductor device. In one 
embodiment, the p-type semiconductor structure includes a 
gate structure present on a first portion of a silicon containing 
Substrate, in which the gate structure includes a gate dielectric 
layer present on the silicon containing Substrate, an aluminum 
containing threshold Voltage shift layer present on the gate 
dielectric layer and a metal nitride layer present on the alu 
minum containing threshold Voltage shift layer. P-type source 
and drain regions may be present in a portion of the silicon 
containing Substrate that is adjacent to the first portion of the 
silicon containing Substrate on which the gate structure is 
present, wherein the p-type semiconductor device has a 
threshold voltage ranging from -0.35 V to -0.1 V. 

DESCRIPTION OF THE DRAWINGS 

0007. The following detailed description, given by way of 
example and not intended to limit the invention solely thereto, 
will best be appreciated in conjunction with the accompany 
ing drawings, wherein like reference numerals denote like 
elements and parts, in which: 
0008 FIG. 1 is a side cross-sectional view depicting form 
ing a gate structure on a Substrate, in which the gate structure 
includes a gate dielectric layer present on the Substrate, an 
aluminum containing threshold Voltage shift layer on the gate 
dielectric layer, and a metal nitride layer present on the alu 
minum containing threshold Voltage shift layer, in accor 
dance with one embodiment of the present invention. 
0009 FIG. 2 is a side cross-sectional view depicting 
implanting dopants into the Substrate to provide p-type source 
and drain regions, in accordance with one embodiment of the 
present invention. 
0010 FIG.3 is a side cross-sectional view depicting form 
ing silicide contacts to the polysilicon gate conductor, the 
Source region and the drain region of a semiconductor device 
in which the gate stack of the semiconductor device includes 
in order from top to bottom a gate stack composed of a 
polysilicon gate conductor, a metal nitride layer, aluminum 
containing threshold Voltage shift layer, and a gate dielectric 
layer, in accordance with one embodiment of the present 
invention. 

0011 FIG. 4 is a side cross-sectional view of another 
embodiment of a semiconductor device in accordance with 
the present invention, in which the gate stack of the semicon 
ductor device includes in order from top to bottom a metal 
gate conductor, an aluminum containing threshold Voltage 
shift layer, and a gate dielectric layer. 
0012 FIG. 5 is a side cross-sectional view of another 
embodiment of a semiconductor device in accordance with 
the present invention, in which the gate stack of the semicon 
ductor device includes in order from top to bottom a polysili 
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con gate conductor, a metal nitride layer, a gate dielectric 
layer and an aluminum containing threshold Voltage shift 
layer. 
0013 FIG. 6 is a side cross-sectional view of another 
embodiment of a semiconductor device in accordance with 
the present invention, in which the gate stack of the semicon 
ductor device includes in order from top to bottom a metal 
gate conductor, a gate dielectric layer and an aluminum con 
taining threshold Voltage shift layer. 
0014 FIG. 7 is a side cross-sectional view of another 
embodiment of a semiconductor device in accordance with 
the present invention, in which the gate stack of the semicon 
ductor device includes in order from top to bottom a polysili 
congate conductor, a metal nitride layer, and a gate dielectric 
layer, in which an aluminum containing threshold Voltage 
shift layer is embedded in the gate dielectric layer. 
0.015 FIG. 8 is a side cross-sectional view of another 
embodiment of a semiconductor device in accordance with 
the present invention, in which the gate structure of the semi 
conductor device includes from top to bottom a metal gate 
conductor, and a gate dielectric layer having an aluminum 
containing threshold voltage shift layer embedded therein, in 
accordance with the present invention. 
0016 FIG.9 is a plot of threshold voltage (V) as a function 
of the deposition period for a p-type semiconductor device 
having a gate structure including an aluminum containing 
threshold Voltage shift layer, in accordance with some 
embodiments of the present invention. 
0017 FIG. 10 is a plot of inversion thickness (Tinv) as a 
function of the deposition period for the aluminum containing 
threshold Voltage shift layer, in accordance with some 
embodiments of the present invention. 
0018 FIG. 11 is a plot of carrier mobility as a function of 
the deposition period for a p-type semiconductor device hav 
ing a gate structure including an aluminum containing thresh 
old Voltage shift layer, inaccordance with Some embodiments 
of the present invention. 

DETAILED DESCRIPTION 

0019 Detailed embodiments of the present invention are 
disclosed herein; however, it is to be understood that the 
disclosed embodiments are merely illustrative of the inven 
tion that may be embodied in various forms. In addition, each 
of the examples given in connection with the various embodi 
ments of the invention is intended to be illustrative, and not 
restrictive. Further, the figures are not necessarily to scale, 
Some features may be exaggerated to show details of particu 
lar components. Therefore, specific structural and functional 
details disclosed herein are not to be interpreted as limiting, 
but merely as a representative basis for teaching one skilled in 
the art to variously employ the present invention. 
0020. In one embodiment, the present invention provides a 
method of forming a p-type semiconductor device that posi 
tions an aluminum containing threshold Voltage shift layer in 
a gate structure, wherein the aluminum containing threshold 
voltage shift layer effectuates a threshold voltage shift 
towards the valence band of the p-type semiconductor device. 
When describing the inventive methods and structures, the 
following terms have the following meanings, unless other 
wise indicated. 

0021 A“gate structure” means a structure used to control 
output current (i.e., flow of carriers in the channel) of a semi 
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conducting device, such as a field effect transistor (FET), and 
includes at least one gate conductor and at least one gate 
dielectric layer. 
0022. The “channel is the portion of the substrate under 
lying the gate structure and between the Source and drain 
dopant regions. 
0023. As used herein, a “gate dielectric' is a layer of an 
insulator between the semiconductor device substrate and the 
gate conductor. 
0024. A "gate conductor” means a conductive structure of 
the gate structure on the gate dielectric. 
0025. As used herein, the terms “insulating and “dielec 
tric' denote a material having a room temperature conductiv 
ity of less than 10' (S.2-m). 
0026. A “high-k” dielectric is a dielectric or insulating 
material having a dielectric constant that is greater than the 
dielectric constant of silicon oxide (SiO). 
0027. As used herein, “threshold voltage' is the lowest 
attainable gate Voltage that will turn on a semiconductor 
device, e.g., transistor, by making the channel of the device 
conductive. 

0028. The term “inversion thickness” is a value extracted 
from valid inversion capacitance-Voltage (C-V) measurement 
for the gate structure of a semiconductor device. Its derivation 
is described as: 

0029 where e is vacuum permittivity, 6 is SiO, 
dielectric constant, and C is the maximum inversion 
capacitance from the above mentioned C-V measurement. 
0030. “Threshold voltage shift” as used herein means a 
shift in the Fermi energy of a p-type semiconductor device 
towards a valence band of silicon in the silicon containing 
Substrate of the p-type semiconductor device. 
0031. A “valence band' is the highest range of electron 
energies where electrons are normally present at absolute 
ZO. 

0032. The term “direct physical contact” means that a first 
element, such as a first structure, and a second element. Such 
as a second structure, are connected without any intermediary 
conducting, insulating or semiconductor layers at the inter 
face of the two elements. 
0033. The terms “overlying”, “atop”, “positioned on” or 
"positioned atop' mean that a first element, such as a first 
structure, is present on a second element, such as a second 
structure, wherein intervening elements, such as an interface 
structure may be present between the first element and the 
second element. 
0034 References in the specification to “one embodi 
ment”, “an embodiment”, “an example embodiment, etc., 
indicate that the embodiment described may include a par 
ticular feature, structure, or characteristic, but every embodi 
ment may not necessarily include the particular feature, struc 
ture, or characteristic. Moreover, Such phrases are not 
necessarily referring to the same embodiment. Further, when 
a particular feature, structure, or characteristic is described in 
connection with an embodiment, it is submitted that it is 
within the knowledge of one skilled in the art to affect such 
feature, structure, or characteristic in connection with other 
embodiments whether or not explicitly described. 
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0035. For purposes of the description hereinafter, the 
terms “upper”, “lower”, “right”, “left”, “vertical”, “horizon 
tal', “top”, “bottom', and derivatives thereof shall relate to 
the invention, as it is oriented in the drawing figures. 
0036 FIGS. 1-3 illustrate some of the basic processing 
steps that may be employed in one embodiment of a method 
of forming a p-type semiconductor device that positions an 
aluminum containing threshold Voltage shift layer 14 in the 
gate structure 15 of the device. The aluminum containing 
threshold voltage shift layer 14 that is present in the gate 
structure 15 may produce a threshold voltage shift in the 
p-type semiconductor device. The threshold voltage shift is 
typically towards the Valence band of the p-type semiconduc 
tor device. As used herein, “p-type' refers to the addition of 
trivalent impurities to an intrinsic semiconductor that creates 
deficiencies of Valence electrons. In one example, the addi 
tion of boron, aluminum, or gallium to a type IV semicon 
ductor, Such as Si, creates deficiencies of Valence electrons. 
0037 FIG. 1 depicts one embodiment of forming a gate 
structure 15 on a substrate 5, in which the gate structure 15 
includes a gate dielectric layer 13 present on the substrate 5. 
an aluminum containing threshold Voltage shift layer 14 
present on the gate dielectric layer 13, and a metal nitride 
layer 16 present on the aluminum containing threshold Volt 
age shift layer 14. The substrate 5 may include, but is not 
limited to, silicon containing materials, GaAs, InAS and other 
like semiconductors. Silicon containing materials as used to 
provide the substrate 5 include, but are not limited to, Si, bulk 
Si, single crystal Si, polycrystalline Si, SiGe, amorphous Si, 
silicon-on-insulator substrates (SOI), SiGe-on-insulator 
(SGOI), Strained-silicon-on-insulator, annealed poly Si, and 
poly Si line structures. In one embodiment in which the 
substrate 5 is a silicon-on-insulator (SOI) or SiGe-on-insula 
tor (SGOI) substrate, the silicon containing layer 4 (also 
referred to as SOI layer) that is atop the buried insulating layer 
3 can have a thickness greater than 10 nm. The buried insu 
lating layer 3 may be composed of an oxide, Such as silicon 
oxide, and may have a thickness ranging from 10 nm to 100 
nm. The thickness of the silicon containing layer 2 that is 
underlying the buried insulating layer 3 may range from 10 
nm to 500 nm. The SOI or SGOI substrate may be fabricated 
using a thermal bonding process, or may be fabricated by an 
ion implantation process. 
0038. The substrate 5 may further include trench isolation 
regions 6. The trench isolation regions 6 can be formed by 
etching a trench in the silicon containing layer 4 utilizing a 
dry etching process, such as reactive-ion etching (RIE) or 
plasma etching. The trenches may optionally be lined with a 
liner material, e.g., an oxide, and then CVD or another like 
deposition process is used to fill the trench with oxide grown 
from tetraethylorthosilicate (TEOS) precursors, high-density 
oxide or another like trench dielectric material. After trench 
dielectric fill, the structure may be subjected to a planariza 
tion process. 
0039 Still referring to FIG. 1, the gate structure 15 may be 
formed atop the Substrate 5 utilizing deposition, lithography 
and etching processes. More specifically, in one embodiment, 
a gate structure 15 may be provided atop the substrate 5 by 
blanket depositing the layers of a gate stack, and then pattern 
ing and etching the gate stack to provide the gate structure 15. 
For example, forming the gate stack may include blanket 
deposition of material layers including the gate dielectric 
layer 13, the aluminum threshold voltage shift layer 14, and 
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the metal nitride layer 16. In one example, the gate stack 
further includes a conductive semiconductor layer 17 present 
on the metal nitride layer 16. 
0040. The gate stack may be patterned using photolithog 
raphy and etching to produce the gate structure 15. In one 
example, following the deposition of the gate dielectric layer 
13, the aluminum containing threshold Voltage shift layer 14, 
the metal nitride layer 16, and the conductive semiconductor 
layer 17 (when present), an etch mask may beformed atop the 
uppermost layer of the gate stack, e.g., the metal nitride layer 
16 or conductive semiconductor layer 17 (when present). The 
etch mask typically protects the portion of the layered Stack 
that provides the gate structure 15, wherein the portions 
exposed by the etch mask are removed by an anisotropic etch 
process, such as a reactive ion etch. Reactive ion etch is a form 
of plasma etching, in which the Surface to be etched is placed 
on the RF powered electrode and takes on a potential that 
accelerates an etching species, which is extracted from a 
plasma, towards the Surface to be etched, wherein a chemical 
etching reaction takes place in the direction normal to the 
Surface being etched. In one embodiment, the etch mask may 
be provided by a patterned photoresist layer. 
0041. The gate dielectric layer 13 of the gate structure 15 
may be composed of an oxide material. Suitable examples of 
oxides that can be employed as the gate dielectric layer 13 
include, but are not limited to: SiO, Al-O, ZrO, Hf), 
Ta-O, perovskite-type oxides and combinations and multi 
layers thereof. The gate dielectric layer 13 may be composed 
of a high k dielectric having a dielectric constant of greater 
than about 4.0, and in Some embodiments greater than 7.0. 
The high k dielectric may include, but is not limited to, an 
oxide, nitride, oxynitride and/or silicate including metal sili 
cates and nitrided metal silicates. In one embodiment, the 
high-k dielectric is comprised of an oxide Such as, for 
example, HfC), ZrO2, Al2O, TiO, La-Os, SrTiO, LaAlOs, 
YO and mixtures thereof. Other examples of high k dielec 
trics suitable for use as the gate dielectric layer 13 in the 
present method include hafnium silicate and hafnium silicon 
oxynitride. 
0042. The gate dielectric layer 13 can be formed by a 
thermal growth process such as, for example, oxidation, nitri 
dation or oxynitridation. The gate dielectric layer 13 can also 
be formed by a deposition process Such as, for example, 
chemical vapor deposition (CVD), plasma-assisted CVD. 
metal-organic chemical vapor deposition (MOCVD), atomic 
layer deposition (ALD), evaporation, reactive Sputtering, 
chemical Solution deposition and other like deposition pro 
cesses. The gate dielectric layer 13 may also be formed uti 
lizing any combination of the above processes. The gate 
dielectric layer 13 typically has a thickness ranging from 1 nm 
to 10 nm. In one example, the gate dielectric layer 13 has a 
thickness ranging from 2 nm to 5 nm. In one embodiment, the 
gate dielectric layer 13 is in direct physical contact with a 
Surface, e.g., upper Surface, of the Substrate 5. 
0043. The aluminum containing threshold voltage shift 
layer 14 of the gate structure 15 may be composed of an 
aluminum containing conductive material, which may be 
Substantially pure aluminum. In one embodiment, by 'sub 
stantially pure' aluminum it is meant that the aluminum con 
tent of the aluminum containing threshold Voltage shift layer 
14 is greater than 99.0%. In some embodiments, the alumi 
num content of the aluminum containing threshold Voltage 
shift layer 14 may be greater than 99.5%. The aluminum 
containing threshold Voltage shift layer 14 may have a thick 
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ness of less than 10 A. In one embodiment, the aluminum 
containing threshold voltage shift layer 14 ranges from 1 A to 
5 A. In another embodiment, the aluminum containing 
threshold voltage shift layer ranges from 2 A to 3 A. In 
another embodiment, the aluminum containing threshold 
voltage shift layer 14 has a thickness of less than 2 A. In one 
example, the aluminum containing threshold Voltage shift 
layer 14 that is composed of substantially pure aluminum is in 
direct physical contact with a surface, e.g., upper Surface, of 
the gate dielectric layer 13. 
0044) The aluminum containing threshold voltage shift 
layer 14 may deposited by a physical vapor deposition (PVD) 
method, such as sputtering. As used herein, 'sputtering 
means a method of depositing a film of metallic material, in 
which a target of the desired material, i.e., Source, is bom 
barded with particles, e.g., ions, which knockatoms from the 
target, and the dislodged target material deposits on the depo 
sition Surface. Examples of sputtering apparatus that may be 
Suitable for depositing the aluminum containing threshold 
voltage shift layer 14 include DC diode type systems, radio 
frequency (RF) sputtering, magnetron Sputtering, and ionized 
metal plasma (IMP) sputtering. 
0045. In one embodiment, a sputtering deposition process 
for depositing the aluminum containing threshold Voltage 
shift layer 14 includes applying high energy particles to strike 
a solid slab of high-purity aluminum target material, in which 
the high energy particles physically dislodge atoms of the 
aluminum to be deposited on the gate dielectric layer 13. In 
one example, the ion energies of the high-energy particles, 
e.g., positive ions from an argon gas flow discharge, range 
from 500 eV to 5,000 eV. In another embodiment, the ion 
energies of the high-energy particles range from 1,500 eV to 
4.500 eV. In one embodiment, by high-purity aluminum it is 
meant that the aluminum content of the target material is 
greater than 99.0%. In some embodiments, the aluminum 
content of the target material may be as great as 99.95% with 
a remainder of incidental impurities. “Incidental impurities' 
denote any contamination of the target, i.e., aluminum. 
Allowable ranges of impurities are less than 0.05 wt % for 
each impurity constituent and 0.15 wt % for total impurity 
content. The Sputtered aluminum atoms from the aluminum 
target may migrate through a vacuum and deposit on the 
deposition Surface, e.g., the gate dielectric layer 13. In one 
example, iron (Fe), copper (Cu), and silver (Ag) may be 
present in less than 5 parts per million (ppm). In another 
example, uranium (U), thorium (Th) and other radioactive 
elements may be present in less than 100 parts per billion 
(ppb). 
0046 Although physical vapor deposition (PVD) tech 
niques have been described above for forming the aluminum 
containing threshold Voltage shift layer 14, chemical vapor 
deposition (CVD) and atomic layer deposition (ALD) have 
also been contemplated as a suitable deposition methods for 
forming the aluminum containing threshold Voltage shift 
layer 14. 
0047. In another embodiment, the aluminum containing 
threshold voltage shift layer 14 may be composed of titanium 
aluminum nitride (TiAIN). In one example, the titanium con 
tent of the titanium aluminum nitride may range from 20 wt % 
to 80 wt %, the aluminum content of the titanium aluminum 
nitride may range from 20 wt % to 60 wt %, and the nitrogen 
content of the titanium aluminum nitride may range from 20 
wt % to 60 wt %. In another example, the titanium content of 
the titanium aluminum nitride may range from 30 wt % to 60 
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wt %, the aluminum content of the titanium aluminum nitride 
may range from 25 wt % to 40 wt %, and the nitrogen content 
of the titanium aluminum nitride may range from 25 wt % to 
50 wit 9/6. 
0048. The titanium aluminum nitride may be deposited 
using physical vapor deposition (PVD). Such as sputtering. In 
one embodiment, a sputtering deposition process for depos 
iting titanium aluminum nitride (TiAIN) includes applying 
high energy particles to strike a solid slab of a titanium alu 
minum alloy target material, in which the high energy par 
ticles physically dislodge atoms of titanium and aluminum to 
be deposited on the gate dielectric layer 13. In another 
embodiment, the Sputtering apparatus may include dual tar 
gets, e.g., a first target composed of titanium and a second 
target composed of aluminum. The Sputtered atoms of tita 
nium and aluminum typically migrate through a vacuum and 
deposit on the deposition Surface, e.g., the gate dielectric 
layer 13. In one example, the ion energies of the high-energy 
particles, e.g., positive ions from an argon gas flow discharge 
range from 500 eV to 5,000 eV. In another embodiment, the 
ion energies of the high-energy particles range from 1,500 eV 
to 4,500 eV. 
0049. The source of nitrogen for the titanium aluminum 
nitride (TiAIN) may be provided by nitrogen gas (N). The 
nitrogen source may be introduced to the Sputtering chamber 
as the Sputtered atoms of titanium and aluminum are migrat 
ing towards the deposition Surface, e.g., the gate dielectric 
layer 13. In one example, the nitrogen Source is provided by 
co-sputtering from a titanium (Ti) and an aluminum (Al) 
target in an Ar/N gas mixture. In one example, the aluminum 
containing threshold Voltage shift layer 14 composed of tita 
nium aluminum nitride may be in direct physical contact with 
a Surface, e.g., upper Surface, of the gate dielectric layer 13. 
0050. The metal nitride layer 16 that is present on the 
aluminum containing threshold Voltage shift layer 14 may be 
composed of TiN, TaN, WN or a combination thereof. It is 
noted that the metal nitride layer 16 may be composed of 
other metal materials, so long as the metal nitride layer 16 
does not include aluminum. In one embodiment, the metal 
nitride layer 16 may have a thickness ranging from 25 A to 
200 A. In another embodiment, the metal nitride layer 16 has 
a thickness ranging from 50 A to 100 A. 
0051. The metal nitride layer 16 may be deposited using 
physical vapor deposition (PVD). Such as sputtering. In one 
embodiment, the Sputtering deposition process for forming 
the metal nitride layer 16 includes applying high-energy par 
ticles to strike a solid slab of a metal target material to provide 
the metal constituent of the metal nitride layer 16, such as 
titanium. The high-energy particles physically dislodge metal 
atoms of target material, which are then deposited on the 
aluminum containing threshold Voltage shift layer 14. 
0.052 The source of nitrogen for the metal nitride layer 16 
may be provided by nitrogen gas (N2). The nitrogen source 
may be introduced to the Sputtering chamber as the Sputtered 
atoms of the metal constituent of the metal nitride layer 16 are 
migrating towards the deposition Surface, e.g., the aluminum 
containing threshold Voltage shift layer 14. 
0053. In one example, the metal nitride layer 16 is com 
posed of titanium nitride (TiN), in which the titanium con 
centration ranges from 30% to 70%. In another example, the 
titanium concentration of the titanium nitride (TiN) metal 
nitride layer 16 ranges from 45% to 55%. 
0054. In the embodiments of the invention in which a 
conductive semiconductor layer 17 is present on the metal 
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nitride layer 16, the conductive semiconductor layer 17 may 
be composed of single crystal Si, SiGe. SiGeC or combina 
tions thereof. In another embodiment, the conductive semi 
conductor layer 17 may further comprise a metal and/or sili 
cide. In other embodiments, the conductive semiconductor 
layer 17 is comprised of multi-layered combinations of the 
aforementioned conductive materials. In one example, the 
conductive semiconductor layer 17 is composed of a single 
layer of polysilicon. The conductive semiconductor layer 17 
may be formed by chemical vapor deposition (CVD) or 
physical vapor deposition (PVD). In one embodiment, the 
conductive semiconductor layer 17 may be doped to a p-type 
conductivity. For example, the conductive semiconductor 
layer 17 may be doped with an element from group IIIA of the 
periodic table of elements. Such as boron, with anion implan 
tation dose ranging from 1E15 cm° to about 5E16 cm. 
0055 Variations of CVD processes suitable for forming 
the conductive semiconductor layer 17 include, but are not 
limited to, Atmospheric Pressure CVD (APCVD), Low Pres 
sure CVD (LPCVD) and Plasma Enhanced CVD (EPCVD), 
Metal-Organic CVD (MOCVD) and combinations thereof. 
The conductive semiconductor layer 17 has a thickness rang 
ing from 1 nm to 20 nm. In one example, the conductive 
semiconductor layer 17 has a thickness ranging from 5 nm to 
10 nm. In one embodiment, the conductive semiconductor 
layer 17 is in direct physical contact with a Surface, e.g., upper 
surface, of the metal nitride layer 16. 
0056 FIG. 2 depicts implanting dopants into the substrate 
5 to provide p-type source and drain region. P-type source and 
drain extension regions 37 may be formed using an ion 
implantation process. More specifically, in one example, 
when forming p-type source and drain extension regions 37 
the dopant species may be boron or BF. Boron may be 
implanted utilizing implant energies ranging 0.2 keV to 3.0 
keV with an implant dose ranging from 5x10" atoms/cm to 
5x10" atoms/cm. BF may be implanted utilizing implant 
energies ranging from 1.0 keV to 15.0 keV and having an 
implant dose ranging from 5x10" atoms/cm to 5x10' 
atoms/cm. 
0057 Following the p-type source and drain extension 
regions 37 implantation, the structure may be annealed to 
promote diffusion of the dopant species. The p-type source 
and drain extension regions 37 may be activated by an anneal 
ing process, such as rapid thermal anneal. In one example, the 
rapid thermal annealing temperature is carried out using a 
temperature ranging from 750° C. to 1200° C. for a time 
period ranging from 1.0 second to 20.0 seconds. The anneal 
process may be conducted following the completion of all of 
the implant processing steps to reduce the thermal budget of 
the manufacturing process. 
0058 Still referring to FIG. 2, a spacer 42 may be formed 
in direct physical contact with the sidewalls of the gate struc 
ture 15. The spacer 42 may be composed of oxide, i.e., SiO, 
but may also comprise nitride or oxynitride materials. Each 
spacer 42 may have a width ranging from 50.0 nm to 100.0 
nm. The spacer 42 can be formed by deposition and etch 
processes. For example, a conformal dielectric layer may be 
deposited using deposition processes, including, but not lim 
ited to, chemical vapor deposition (CVD), plasma-assisted 
CVD, and low-pressure chemical vapor deposition 
(LPCVD). Following deposition, the conformal dielectric 
layer is then etched to define the geometry of the spacer 42 
using an anisotropic plasma etch procedure Such as, reactive 
ion etch. 
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0059 P-type deep source and drain regions 38 may be 
implanted into the substrate 5. Typical implant species for the 
p-type deep Source and drain regions 38 may include boron or 
BF. The p-type deep source/drain diffusion region 38 can be 
implanted with boron utilizing an energy ranging from 1.0 
keV to 8.0 keV with a dose ranging from 1x10" atoms/cm to 
7x10" atoms/cm. The p-type deep source and drain diffu 
sion region 38 may also be implanted with BF with an 
implant energy ranging from 5.0 keV to 40.0 keV and a dose 
ranging from 1x10" atoms/cm to 7x10" atoms/cm. 
0060. Following p-type deep source and drain regions 38 
implantation, the structure may be annealed to promote dif 
fusion of the dopant species. In one embodiment, the anneal 
process step may be conducted following the completion of 
all of the implant processing steps to reduce the thermal 
budget of the manufacturing process. In one embodiment, the 
p-type source and drain regions may be present in an n-type 
well region (not shown) of the substrate 5. 
0061 FIG. 3 depicts one embodiment of forming silicide 
contacts 50 to the gate structure 15 and the source and drain 
regions, i.e., the p-type source and drain extension regions 37 
and p-type deep source and drain diffusion regions 38. Sili 
cide formation typically requires depositing a refractory 
metal, such as Ni, Co, or Ti, onto the surface of a Si-contain 
ing material. Following deposition, the structure is then Sub 
jected to an annealing step using thermal processes, such as 
rapid thermal annealing. During thermal annealing, the 
deposited metal reacts with Siforming a metal semiconductor 
alloy, e.g., silicide. 
0062. In one embodiment, a conformal layer of a dielectric 
material 51 may be blanket deposited atop the entire substrate 
to provide an etch stop layer. The conformal layer of the 
dielectric material 51 may be composed of a dielectric mate 
rial, including but not limited to, oxide, nitrides and oxyni 
trides. An interlevel dielectric 52 may be deposited atop the 
conformal dielectric material 51. The interlevel dielectric 52 
may be selected from the group consisting of silicon contain 
ing materials such as SiO, SiNa, SiO, N, SiC. SiCO, 
SiCOH, and SiCH compounds; the above-mentioned silicon 
containing materials with some or all of the Sireplaced by Ge: 
carbon-doped oxides; inorganic oxides; inorganic polymers; 
hybrid polymers; organic polymers such as polyamides or 
SiLKTM; other carbon-containing materials; organo-inor 
ganic materials such as spin-on glasses and silsesquioxane 
based materials; and diamond-like carbon (DLC, also known 
as amorphous hydrogenated carbon, C.-C:H). Additional 
choices for the interlevel dielectric 52 include: any of the 
aforementioned materials in porous form, or in a form that 
changes during processing to or from being porous and/or 
permeable to being non-porous and/or non-permeable. 
0063. The interlevel dielectric layer 52 may be formed by 
various deposition, including, but not limited to, spinning 
from solution, spraying from solution, chemical vapor depo 
sition (CVD), plasma enhanced CVD (PECVD), sputter 
deposition, reactive sputter deposition, ion-beam deposition, 
and evaporation. The conformal layer of a dielectric material 
51 and the interlevel dielectric layer 52 are then patterned and 
etched to form via holes to the various source and drain and 
gate conductor regions of the substrate 5. Following via for 
mation, interconnects 53 are formed by depositing a conduc 
tive metal into the via holes using deposition processing, Such 
as CVD or plating. The conductive metal may include, but is 
not limited to, tungsten, copper, aluminum, silver, gold, and 
alloys thereof. 
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0064. The above described method provides a p-type 
semiconductor device that positions an aluminum containing 
threshold voltage shift layer 14 within a gate structure 15, 
wherein the aluminum containing threshold Voltage shift 
layer 14 effectuates a threshold voltage shift towards the 
Valence band of the p-type semiconductor device. In one 
embodiment, threshold voltage shift provided by the alumi 
num containing threshold Voltage shift layer 14 may be as 
great as 0.3 V towards the valence band of the p-type semi 
conductor device. It is noted that the above method may be 
incorporated into a replacement gate process, in which a 
dummy gate is present during the formation of the doped 
regions and the annealing of the device, wherein the dummy 
gate may then be replaced with a functional gate including the 
aluminum containing threshold Voltage shift layer 14. 
0065 Referring to FIG.3, in one embodiment, the present 
method may provide a p-type semiconductor device includ 
ing a gate structure 15 present on a first portion 70 of a silicon 
containing substrate 5, in which the gate structure 15 includes 
at least a gate dielectric layer 13 on the silicon containing 
Substrate 5, an aluminum containing threshold Voltage shift 
layer 14 on the gate dielectric layer 13 and a metal nitride 
layer 16 on the aluminum containing threshold Voltage shift 
layer 14. P-type source and drain regions, i.e., the p-type 
Source and drain extension regions 37 and p-type deep Source 
and drain diffusion regions 38, may be present in a second 
portion of the silicon containing Substrate 5 that is adjacent to 
the first portion 70 of the silicon containing substrate 5 on 
which the gate structure 15 is present. The p-type semicon 
ductor device may have a threshold Voltage ranging from 
-0.35 V to -0.1 V. In one embodiment, the p-type semicon 
ductor device has a threshold voltage ranging from -0.3 V to 
-0.1 V. In an even further embodiment, the p-type semicon 
ductor device has a threshold voltage ranging from -0.25 V to 
-0.15 V. 

0066. The p-type semiconductor device may have an 
inversion thickness (Tinv) ranging from 13.5 A to 15 A. In 
another embodiment, the inversion thickness of the p-type 
semiconductor device ranges from 10 A to 20 A. In an even 
further embodiment, the inversion thickness of the p-type 
semiconductor device ranges from 11 A to 20 A. The p-type 
semiconductor device may have a mobility of charge carriers 
ranging from 80 cm/(v sec) to 120 cm/(vsec). In one 
embodiment, the p-type semiconductor device may have a 
mobility of charge carriers ranging from 80 cm/(v'sec) to 
120 cm/(v-sec). 
0067. Although not depicted in FIG. 3, a second metal 
nitride layer may be present between the aluminum contain 
ing threshold voltage shift layer 14 and the gate dielectric 
layer 13. In one embodiment, the second metal nitride layer 
may have a thickness ranging from 25 A to 200A. In another 
embodiment, the second metal nitride layer has a thickness 
ranging from 50 A to 100 A. The second metal nitride layer 
may be composed of titanium nitride (TiN), in which the 
titanium concentration ranges from 30% to 70%. In another 
example, the titanium concentration of the titanium nitride 
(TiN) ranges from 45% to 55%. 
0068 FIGS. 4-8 depict other structural embodiments of 
the present invention that include an aluminum containing 
threshold voltage shift layer 14. FIG.4 depicts agate structure 
15 including from top to bottom a metal gate conductor 18, an 
aluminum containing threshold Voltage shift layer 14, and a 
gate dielectric layer 13, e.g., high-k gate dielectric, that is 
present on a surface of a semiconductor substrate 5. In the 
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embodiment depicted in FIG.4, a metal gate conductor 18 is 
substituted for the conductive semiconductor layer 17 that is 
composed of polysilicon. The metal gate conductor 18 may 
be composed of a metal nitride, such as titanium nitride (TiN) 
or tantalum nitride (TaN). Alternatively, the metal gate con 
ductor 18 may be a metal selected from the group consisting 
of tantalum (Ta), titanium (Ti), tungsten (W) or Copper (Cu). 
In a further embodiment, the metal gate conductor 18 may be 
composed of a metal silicide, i.e., metal semiconductor alloy. 
Similar to the embodiment, depicted in FIG. 3, the aluminum 
containing threshold Voltage shift layer 14 may be composed 
of Substantially pure aluminum (Al) or titanium aluminum 
nitride (TiAIN). It is noted that the remaining elements that 
are depicted in FIG. 4 have been described above in FIGS. 
1-3. 

0069 FIG. 5 depicts another embodiment of a p-type 
semiconductor device, in which the gate structure 15 of the 
p-type semiconductor device includes in order from top to 
bottom, a conductive semiconductor layer 17 that is com 
posed of polysilicon, a metal nitride layer 16, a gate dielectric 
13 and an aluminum containing threshold Voltage shift layer 
14 that is present on the surface of the semiconductor sub 
strate 5. It is noted that a silicide contact 50 may be present on 
the conductive semiconductor layer 17. The silicide contact 
50 may be composed of any metal semiconductor alloy. The 
gate dielectric 13 may be composed of a high-k dielectric. 
Similar to the embodiment, depicted in FIG. 3, the aluminum 
containing threshold Voltage shift layer 14 may be composed 
of Substantially pure aluminum (Al) or titanium aluminum 
nitride (TiAIN). It is noted that the remaining elements that 
are depicted in FIG. 4 have been described above in FIGS. 
1-3. 

0070 FIG. 6 is a side cross-sectional view of another 
embodiment of a p-type semiconductor device, in which the 
gate structure 15 of the p-type semiconductor device includes 
in order from top to bottom a metal gate conductor 18, a gate 
dielectric layer 13 and an aluminum containing threshold 
voltage shift layer 14 that is present on the surface of the 
semiconductor substrate 5. It is noted that a silicide contact 50 
may be present on the conductive semiconductor layer 17. 
The silicide contact 50 may be composed of any metal semi 
conductor alloy. In the embodiment depicted in FIG. 6, a 
metal gate conductor 18 is substituted for the conductive 
semiconductor layer 17 that is composed of polysilicon that is 
depicted in FIG. 5. The metal gate conductor 18 may be 
composed of a metal nitride, such as titanium nitride (TiN) or 
tantalum nitride (TaN). Alternatively, the metal gate conduc 
tor 18 may be a metal selected from the group consisting of 
tantalum (Ta), titanium (Ti), tungsten (W) and Copper (Cu). 
The gate dielectric layer 13 may be composed of a high-k 
dielectric. Similar to the embodiment depicted in FIG. 3, the 
aluminum containing threshold Voltage shift layer 14 may be 
composed of Substantially pure aluminum (Al) or titanium 
aluminum nitride (TiAlN). It is noted that the remaining 
elements that are depicted in FIG. 4 have been described 
above in FIGS 1-3. 

0071 FIG. 7 depicts another embodiment of a p-type 
semiconductor device in accordance with the present inven 
tion. In the embodiment depicted in FIG. 7, the gate stack of 
the p-type semiconductor device includes in order from top to 
bottom a conductive semiconductor layer 17that is composed 
of polysilicon, a metal nitride layer 16, and a gate dielectric 
layer 13, in which an aluminum containing threshold Voltage 
shift layer 14 is embedded in the gate dielectric layer 13. By 
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embedded it is meant that the aluminum containing threshold 
voltage shift layer 14 is present within the gate dielectric layer 
13 so that a lower portion of the gate dielectric layer 13 is 
present below the aluminum containing threshold Voltage 
shift layer 14, and an upper portion of the gate dielectric layer 
13 is present above the aluminum containing threshold volt 
age shift layer. The gate dielectric layer 13 may be composed 
of a high-k dielectric. The aluminum containing threshold 
Voltage shift layer 14 may be composed of Substantially pure 
aluminum (Al) or titanium aluminum nitride (TiAIN). It is 
noted that the remaining elements that are depicted in FIG. 4 
have been described above in FIGS 1-3. 

0072 FIG. 8 depicts another embodiment of a p-type 
semiconductor device in accordance with the present inven 
tion, in which the gate structure 15 of the p-type semiconduc 
tor device includes a metal gate conductor 18, and a gate 
dielectric layer 13 having an aluminum containing threshold 
voltage shift layer 14 embedded therein. In the embodiment 
depicted in FIG. 8, a metal gate conductor 18 is substituted for 
the conductive semiconductor layer 17 that is composed of 
polysilicon that is depicted in FIG. 7. The metal gate conduc 
tor 18 may be composed of a metal nitride. Such as titanium 
nitride (TiN) or tantalum nitride (TaN). Alternatively, the 
metal gate conductor 18 may be a metal selected from the 
group consisting of tantalum (Ta), titanium (Ti), tungsten (W) 
and copper (Cu). In an even further embodiment, the metal 
gate conductor may be 18 may be composed of a metal 
semiconductor alloy, i.e., silicide. The gate dielectric 13 may 
be composed of a high-k dielectric. The aluminum containing 
threshold voltage shift layer 14 may be composed of substan 
tially pure aluminum (Al) or titanium aluminum nitride 
(TiAIN). It is noted that the remaining elements that are 
depicted in FIG. 4 have been described above in FIGS. 1-3. 
0073. Although some embodiments of the invention have 
been described generally above, the following examples are 
provided to further illustrate the present invention and dem 
onstrate some advantages that arise therefrom. It is not 
intended that the invention be limited to the specific examples 
disclosed. 

EXAMPLES 

0074 Test samples of p-type semiconductor devices (10 
micron (width)x10 micron (length)), i.e., field effect transis 
tors, were produced incorporating an aluminum containing 
threshold voltage shift layer within the gate structure of the 
p-type semiconductor device. Table 1 includes the composi 
tion of the aluminum containing threshold Voltage shift layer. 
Specifically, Table 1 illustrates the composition of the initial 
aluminum containing material (aluminum deposition compo 
sition) being deposited atop the gate dielectric layer, and the 
time period for deposition of the aluminum containing mate 
rial. Samples 2-8 included an initial aluminum containing 
material being deposited by sputtering from a high purity 
aluminum target. The time period for sputtering of the alumi 
num containing material from the high purity aluminum tar 
get ranged from 2-24 seconds, which typically equated to a 
Substantially pure aluminum layer having a thickness of less 
than 5 A. Sample 1 is a titanium nitride deposited layer having 
no aluminum present therein. Samples 9-14 included an ini 
tial aluminum containing material composed of titanium alu 
minum nitride (TiAIN) being deposited by sputtering from a 
TiAl target, in which the nitrogen was introduced by Nagas. 
Each of the samples included a metal nitride layer composed 
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of titanium nitride deposited overlying the aluminum con 
taining threshold Voltage shift layer by Sputtering. 

TABLE 1 

aluminum 
deposition 
time (Sec) metal nitridefoxidation 

aluminum deposition 
SAMPLE # composition 

1 Aluminum (AI) O Titanium nitride (TIN) 
2 Aluminum (AI) 2 Titanium nitride (TIN) 
3 Aluminum (AI) 4 Titanium nitride (TIN) 
4 Aluminum (AI) 8 Titanium nitride (TIN) 
5 Aluminum (AI) 12 Titanium nitride (TIN) 
6 Aluminum (AI) 16 Titanium nitride (TIN) 
7 Aluminum (AI) 2O Titanium nitride (TIN) 
8 Aluminum (AI) 24 Titanium nitride (TIN) 
9 Titanium Aluminum 2 Titanium nitride (TIN) 

Nitride (TiAIN) 
10 Titanium Aluminum 4 Titanium nitride (TIN) 

Nitride (TiAIN) 
11 Titanium Aluminum 8 Titanium nitride (TIN) 

Nitride (TiAIN) 
12 Titanium Aluminum 12 Titanium nitride (TIN) 

Nitride (TiAIN) 
13 Titanium Aluminum 16 Titanium nitride (TIN) 

Nitride (TiAIN) 
14 Titanium Aluminum 2O Titanium nitride (TIN) 

Nitride (TiAIN) 

(0075 FIG. 9 is a plot of measurements of the threshold 
voltage (V) of samples 1-14 included in Table 1 as a function 
of the aluminum deposition period of the aluminum contain 
ing threshold voltage shift layer. FIG. 9 illustrates that the 
aluminum containing threshold Voltage shift layer provides a 
shift in threshold voltage from -0.4 V, as measured from a 
p-type semiconductor device that does not include the alumi 
num containing threshold Voltage shift layer, to -0.1 V, in 
which the shift in threshold voltage increases with increasing 
aluminum deposition time. 
0076 FIG. 10 is a plot of inversion thickness (Tinv) (inver 
sion C-V measured at 1 MHz frequency) of samples 1-14 
included in Table 1 as a function of the deposition period for 
the aluminum containing threshold voltage shift layer. FIG. 
10 illustrates through samples 1-14 that the inversion thick 
ness (Tinv) of the p-type semiconductor devices decreases 
within increasing aluminum content, i.e., increasing alumi 
num deposition time, of the aluminum containing threshold 
voltage shift layer on the gate dielectric. The thinner the 
inversion thickness (Tinv), the higher the drive current of the 
p-type semiconductor device. The thicker the inversion thick 
ness (Tinv), the lower the drive current of the p-type semi 
conductor device. FIG. 10 illustrates that the inversion thick 
ness (TinV) decreases with increasing aluminum content of 
the aluminum containing threshold Voltage shift layer, which 
results in a higher drive current in the p-type semiconductor 
device including the aluminum containing threshold Voltage 
shift layer. 
0077 FIG. 11 is a plot of carrier mobility (LL) for samples 
1-14 that are included in Table 1. FIG. 11 depicts normalized 
data. The carrier mobility was measured as a function of the 
deposition period for the aluminum containing threshold 
voltage shift layer. FIG. 11 illustrates that peak mobility in 
p-type semiconductor devices is provided by aluminum con 
taining threshold Voltage shift layers with an initial aluminum 
containing material sputtered from a high purity aluminum 
target for deposition times ranging from 8 to 12 seconds. The 
deposition time ranging from 8 to 12 seconds correlates to a 
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thickness of the aluminum containing threshold Voltage shift 
layer that ranges from 2 A to 5 A. 
0078 While the present invention has been particularly 
shown and described with respect to preferred embodiments 
thereof, it will be understood by those skilled in the art that the 
foregoing and other changes in forms and details may be 
made without departing from the spirit and scope of the 
present invention. It is therefore intended that the present 
invention not be limited to the exact forms and details 
described and illustrated, but fall within the scope of the 
appended claims. 
What is claimed is: 
1. A method of forming a p-type semiconductor device 

comprising: 
forming a gate dielectric layer positioned on a Substrate; 
forming an aluminum containing threshold Voltage shift 

layer positioned on the gate dielectric layer, 
forming a metal containing layer positioned on the alumi 
num containing threshold Voltage shift layer, 

forming a gate structure from the gate dielectric layer, the 
aluminum containing threshold Voltage shift layer and 
the metal containing layer, wherein the gate structure is 
present on a first portion of the Substrate; and 

forming p-type source and drain regions in the Substrate 
adjacent to the first portion of the substrate. 

2. The method of claim 1, wherein the aluminum contain 
ing threshold Voltage shift layer is composed of a Substan 
tially pure layer of aluminum that is formed using physical 
Vapor deposition. 

3. The method of claim 1, wherein the physical vapor 
deposition includes sputtering from an aluminum target com 
posed of 99.9% aluminum. 

4. The method of claim 1, wherein the aluminum contain 
ing threshold voltage shift layer is composed of TiAIN. 

5. The method of claim 1, wherein the metal containing 
layer is a first metal nitride layer that is substantially free of 
aluminum. 

6. The method of claim 5, wherein the first metal nitride 
layer is composed of TiN, TaN, WN or a combination thereof. 

7. The method of claim 5, wherein the first metal nitride 
layer is TiN deposited using Sputtering, in which titanium of 
the first metal nitride layer is provided by a solid Titarget and 
the nitride of the metal nitride layer is provided by a nitrogen 
containing gas. 

8. The method of claim 5, wherein the aluminum contain 
ing threshold Voltage shift layer is in direct physical contact 
with an upper Surface of the gate dielectric layer, and the first 
metal nitride layer is in direct physical contact with the alu 
minum containing threshold Voltage shift layer. 

9. The method of claim 5, wherein the gate dielectric layer 
is present on an upper Surface of the Substrate, a second metal 
nitride layer is present on the upper Surface of the gate dielec 
tric layer, the aluminum containing threshold Voltage shift 
layer is present on an upper Surface of the second metal nitride 
layer, and the first metal nitride layer is present on an upper 
Surface of the aluminum containing threshold Voltage shift 
layer. 

10. The method of claim 1, wherein the gate structure 
further comprises a semiconductor containing layer that is 
present on the metal nitride layer. 

11. The method of claim 1, wherein the aluminum contain 
ing threshold Voltage shift layer produces a threshold Voltage 
shift as great as 300 mV towards the valence band of the 
p-type semiconductor device. 
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12. A method of forming a p-type semiconductor device 
comprising: 

forming a gate dielectric layer positioned on a Substrate, in 
which the gate dielectric layer includes an aluminum 
containing threshold voltage shift layer embedded 
therein; 

forming a metal containing layer positioned on the gate 
dielectric layer; 

forming a gate structure from the gate dielectric layer, the 
aluminum containing threshold Voltage shift layer and 
the metal containing layer, wherein the gate structure is 
present on a first portion of the Substrate; and 

forming p-type source and drain regions in the Substrate 
adjacent to the first portion of the substrate. 

13. The method of claim 12, wherein the gate structure 
further comprises a semiconductor containing layer that is 
present on the metal nitride layer. 

14. A method of forming a p-type semiconductor device 
comprising: 

forming an aluminum containing threshold Voltage shift 
layer on a Substrate; 

forming a gate dielectric layer on the aluminum containing 
threshold voltage shift layer; 

forming a metal containing layer in contact with the gate 
dielectric layer; 

forming a gate structure from the aluminum containing 
threshold voltage shift layer, the gate dielectric layer and 
the metal containing layer, wherein the gate structure is 
present on a first portion of the Substrate; and 

forming p-type source and drain regions in the Substrate 
adjacent to the first portion of the substrate. 

15. A p-type semiconductor device comprises: 
a gate structure present on a first portion of a silicon con 

taining Substrate, 
the gate structure comprising a gate conductor, a gate 

dielectric layer and an aluminum containing threshold 
Voltage shift layer, wherein the aluminum containing 
threshold voltage shift layer is present in contact with the 
gate dielectric; and 

p-type source and drain regions present in a portion of the 
silicon containing Substrate that is adjacent to the first 
portion of the silicon containing Substrate on which the 
gate structure is present, wherein the p-type semicon 
ductor device has a threshold Voltage ranging from 
-O.35 V to -0.1 V. 

16. The p-type semiconductor device of claim 15, wherein 
the semiconductor device has an inversion thickness (Tinv) 
ranging from 13.5 A to 15 A. 

17. The p-type semiconductor device of claim 15, wherein 
the gate dielectric layer is present on an upper Surface of the 
silicon containing Substrate, and the aluminum containing 
threshold voltage shift layer is present on or embedded within 
the gate dielectric layer. 

18. The p-type semiconductor device of claim 15, wherein 
the aluminum containing threshold Voltage shift layer is 
present on an upper Surface of the silicon containing Substrate 
and the gate dielectric layer is present on an upper Surface of 
the aluminum containing threshold Voltage shift layer. 

19. The p-type semiconductor device of claim 15, further 
comprising at least one of a first metal containing layer 
present on an upper Surface of the aluminum containing 
threshold Voltage shift layer, and a second metal containing 
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layer present between the aluminum containing threshold 21. The p-type semiconductor device of claim 15 further 
Voltage shift layer. comprising a gate conductor comprised of a metal, semicon 

20. The p-type semiconductor device of claim 15, wherein ductor or metal semiconductor alloy present overlying the 
the gate dielectric layer comprises SiO, Al-O, ZrO2, Hf), gate dielectric layer. 
Ta2O, TiO, perovskite-type oxides or combinations and 
multi-layers thereof. ck 


