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(57) ABSTRACT 

In Sophisticated manufacturing techniques, the workfunction 
and thus the threshold voltage of transistor elements may be 
adjusted in an early manufacturing stage by providing a work 
function adjusting species within the high-k dielectric mate 
rial with substantially the same spatial distribution in the gate 
dielectric materials of different thickness. After the incorpo 
ration of the work function adjusting species, the final thick 
ness of the gate dielectric materials may be adjusted by selec 
tively forming an additional dielectric layer so that the further 
patterning of the gate electrode structures may be accom 
plished with a high degree of compatibility to conventional 
manufacturing techniques. Consequently, extremely compli 
cated processes for re-adjusting the threshold Voltages of 
transistors having a different thickness gate dielectric mate 
rial may be avoided. 
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WORK FUNCTION ADJUSTMENT IN 
HIGH-K GATE STACKS INCLUDING GATE 
DELECTRICS OF DIFFERENT THCKNESS 

BACKGROUND OF THE INVENTION 

0001 1. Field of the Invention 
0002 Generally, the present disclosure relates to the fab 
rication of highly Sophisticated integrated circuits including 
advanced transistor elements that comprise gate electrode 
structures including a high-kgate dielectric. 
0003 2. Description of the Related Art 
0004 Advanced integrated circuits, such as CPUs, storage 
devices, ASICs (application specific integrated circuits) and 
the like, include a large number of circuit elements on a given 
chip area according to a specified circuit layout. In a wide 
variety of integrated circuits, field effect transistors represent 
one important type of circuit element that Substantially deter 
mines performance of the integrated circuits. Generally, a 
plurality of process technologies are practiced for forming 
field effect transistors, wherein, for many types of complex 
circuitry, MOS technology is one of the most promising 
approaches due to the Superior characteristics in view of 
operating speed and/or power consumption and/or cost effi 
ciency. During the fabrication of complex integrated circuits 
using, for instance, MOS technology, millions of transistors, 
e.g., N-channel transistors and/or P-channel transistors, are 
formed on a Substrate including a crystalline semiconductor 
layer. A field effect transistor, irrespective of whether an 
N-channel transistor or a P-channel transistor is considered, 
typically comprises so-called PN junctions that are formed by 
an interface of highly doped regions, referred to as drain and 
Source regions, with a slightly doped or non-doped region, 
Such as a channel region, disposed adjacent to the highly 
doped regions. In a field effect transistor, the conductivity of 
the channel region, i.e., the drive current capability of the 
conductive channel, is controlled by a gate electrode formed 
adjacent to the channel region and separated therefrom by a 
thin insulating layer. The conductivity of the channel region, 
upon formation of a conductive channel due to the application 
of an appropriate control Voltage to the gate electrode, 
depends on the dopant concentration, the mobility of the 
charge carriers and, for a given extension of the channel 
region in the transistor width direction, on the distance 
between the source and drain regions, which is also referred to 
as channel length. Hence, the Scaling of the channel length, 
and associated therewith the reduction of channel resistivity, 
which in turn causes an increase of gate resistivity due to the 
reduced dimensions, has been a dominant design criterion for 
accomplishing an increase in the operating speed of the inte 
grated circuits. 
0005 Presently, the vast majority of integrated circuits are 
based on silicon due to its substantially unlimited availability, 
the well-understood characteristics of silicon and related 
materials and processes and the experience gathered during 
the last 50 years. Therefore, silicon will likely remain the 
material of choice for future circuit generations designed for 
mass products. One reason for the dominant role of silicon in 
fabricating semiconductor devices has been the Superior char 
acteristics of a silicon/silicon dioxide interface that allows 
reliable electrical insulation of different regions from each 
other. The silicon/silicon dioxide interface is stable at high 
temperatures and, thus, allows the performance of subsequent 
high temperature processes, as are required, for example, 
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during anneal cycles to activate dopants and to cure crystal 
damage without sacrificing the electrical characteristics of 
the interface. 

0006 For the reasons pointed out above, in field effect 
transistors, silicon dioxide has been preferably used as a base 
material of a gate insulation layer that separates the gate 
electrode, frequently comprised of polysilicon or other mate 
rials, from the silicon channel region. In steadily improving 
device performance offield effect transistors, the length of the 
channel region has been continuously decreased to improve 
Switching speed and drive current capability. Since the tran 
sistor performance is controlled by the voltage supplied to the 
gate electrode to invert the Surface of the channel region to a 
sufficiently high charge density to provide the desired drive 
current for a given Supply Voltage, a certain degree of capaci 
tive coupling, provided by the capacitor formed by the gate 
electrode, the channel region and the silicon dioxide disposed 
therebetween, has to be maintained. Aggressively scaled tran 
sistor devices with a relatively low Supply Voltage and thus 
reduced threshold Voltage may suffer from an exponential 
increase of the leakage current while also requiring enhanced 
capacitive coupling of the gate electrode to the channel 
region. Thus, the thickness of the silicon dioxide layer has to 
be correspondingly decreased to provide the required capaci 
tance between the gate and the channel region. For example, 
a channel length of approximately 80 nm may require a gate 
dielectric made of silicon dioxide as thin as approximately 1.2 
nm. Although, usage of high speed transistor elements having 
an extremely thin gate dielectric may be restricted to high 
speed signal paths, whereas transistor elements with a thicker 
gate dielectric may be used for less critical circuit portions, 
Such as storage transistor elements and the like, the relatively 
high leakage current caused by direct tunneling of charge 
carriers through an ultra-thin silicon dioxide gate insulation 
layer may reach values for an oxide thickness in the range of 
1-2 nm that may not be compatible with requirements for 
many types of circuits, even if only transistors in speed criti 
cal paths are formed on the basis of an extremely thin gate 
oxide. 

0007. Therefore, replacing silicon dioxide as the material 
for gate insulation layers has been considered, particularly for 
extremely thin silicon dioxide gate layers. Possible alterna 
tive materials include materials that exhibit a significantly 
higher permittivity so that a physically greater thickness of a 
correspondingly formed gate insulation layer provides a 
capacitive coupling that would be obtained by an extremely 
thin silicon dioxide layer. It has thus been suggested to 
replace silicon dioxide with high permittivity materials such 
as tantalum oxide (Ta-Os), with a k of approximately 25, 
strontium titanium oxide (SrTiO), having a k of approxi 
mately 150, hafnium oxide (H?O), HfSiO, zirconium oxide 
(ZrO2) and the like. 
0008. As is well known, the work function of the gate 
dielectric material may significantly affect the finally 
obtained threshold voltage of field effect transistors, which is 
presently accomplished by appropriately doping the polysili 
con material, which may be used in combination with a sili 
con oxide-based material in conventional gate electrode 
structures. Upon introducing a high-k dielectric material, the 
adjustment of an appropriate work function may require the 
incorporation of appropriate metal species into the gate 
dielectric material, for instance in the form of lanthanum, 
aluminum and the like, in order to obtain appropriate work 
functions and thus threshold voltages for P-channel transis 
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tors and N-channel transistors. Moreover, the sensitive high-k 
dielectric material may have to be protected during the pro 
cessing, while a contact with well-established materials. Such 
as silicon and the like, may also be considered disadvanta 
geous since the Fermi level may be significantly affected 
upon contacting a high-k dielectric material. Such as hafnium 
oxide, with a polysilicon material. Consequently, a metal 
containing cap material may typically be provided on the 
high-k dielectric material when provided in an early manu 
facturing stage. Additionally, the metal-containing material 
may provide Superior conductivity and may also avoid any 
depletion Zone, which may be observed in polysilicon gate 
electrode structures. Consequently, a plurality of additional 
process steps and material systems are introduced in well 
established CMOS process techniques in order to form gate 
electrode structures including a high-k dielectric material in 
combination with a metal-containing electrode material. In 
other approaches, replacement gate approaches may be 
applied in which essentially gate electrode structures may be 
provided as placeholder material systems, wherein, after fin 
ishing the basic transistor configurations, the gate electrode 
structures may be replaced by at least an appropriate metal 
containing electrode material, possibly in combination with a 
high-k dielectric material, thereby requiring complex process 
sequences for removing the initial gate material. Such as 
polysilicon, and forming appropriate metal species, wherein 
appropriate work function values also have to be adjusted by 
incorporating corresponding work function adjusting spe 
cies, as discussed above. 
0009. In addition to enhancing performance of gate elec 
trode structures by incorporating a high-k dielectric material 
in Sophisticated semiconductor devices, frequently, transistor 
elements of different characteristics, for instance of different 
leakage behavior, have to be provided, thereby requiring a 
gate dielectric material of different material composition and/ 
or of different thickness. In some conventional approaches, 
the high-k dielectric material in combination with any work 
function adjusting species are provided in an early manufac 
turing stage, wherein a different thickness of the gate dielec 
tric material may also be provided in different device regions 
in order to provide different transistor types, or any other 
circuit elements, such as polysilicon resistors and the like. It 
turns out, however, that the conventional process strategy for 
providing gate electrode structures with differently com 
posed gate dielectrics may result in significant threshold Volt 
age variations, as will be described in more detail with refer 
ence to FIGS. 1a-1g. 
0010 FIG. 1a schematically illustrates a cross-sectional 
view of a semiconductor device 100 which comprises a sub 
strate 101 and a semiconductor layer 102 formed above the 
substrate 101. The semiconductor layer 102 is typically pro 
vided in the form of a silicon material, as explained above. 
Moreover, a first semiconductor region or active region 102A 
and a second semiconductor region or active region 102B are 
provided in the semiconductor layer 102. The active regions 
102A, 102B are to be understood as semiconductor regions in 
and above which transistor elements are to be formed on the 
basis of gate electrode structures including a high-k dielectric 
material. In the example shown, it may be assumed that a gate 
electrodestructure of reduced gate dielectric thickness is to be 
formed on the semiconductor region 102A, while a gate elec 
trode structure having a gate dielectric material of increased 
thickness is to be formed on the semiconductor region 102B. 
Furthermore, in the manufacturing stage shown, a gate dielec 
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tric material 151 is selectively formed on the active region 
102B and is comprised of silicon dioxide with a specific 
thickness, for instance with a thickness of several nanom 
eters, depending on the device requirements or any transistors 
to be formed in and above the semiconductor region 102B. 
0011. The semiconductor device 100 as illustrated in FIG. 
1a may be formed on the basis of well-established process 
techniques including processes for forming an isolation struc 
ture (not shown) in order to laterally define the lateral size and 
position of the active regions 102A, 102B. Moreover, a basic 
dopant concentration may be established in the regions 102A, 
102B corresponding to the conductivity type of the transistors 
to be formed in the respective active region. As previously 
explained, since a significant threshold Voltage variability 
may exist between transistor elements of reduced thickness of 
the gate dielectric material relative to transistors with an 
increased thickness, in Some cases, a corresponding counter 
measure may be applied by appropriately providing a well 
dopant profile in the active region 102B in order to obtain the 
desired threshold Voltage. For example, a certain degree of 
counter-doping may be introduced into the active region 
102B, which, on the other hand, may reduce the overall 
charge carrier mobility in a channel region of a corresponding 
transistor still to be formed. Next, the dielectric layer 151 may 
beformed, for instance, by well-established deposition tech 
niques, in order to obtain a silicon oxide-based material hav 
ing the desired thickness and material composition. Thereaf 
ter, an etch mask 103, such as a resist mask and the like, may 
be provided on the basis of lithography techniques so as to 
expose a portion of the layer 151 above the active region 
102A, while covering the material 151 above the active region 
102B. Thereafter, an appropriate etch process 104 may be 
performed, for instance, on the basis of wet chemical etch 
recipes, plasma assisted etch recipes and the like, in order to 
remove the exposed portion of the layer 151 selectively to the 
underlying silicon material in the region 102A. 
0012 FIG.1b schematically illustrates the semiconductor 
device 100 in a further advanced manufacturing phase in 
which the etch mask 103 is removed and the device 100 is 
exposed to a cleaning ambient 105 in order to remove con 
taminants and also to re-grow a thin dielectric base layer 152 
on the semiconductor region 102A. For this purpose, a plu 
rality of well-established process techniques are available in 
order to obtain a silicon dioxide material on the basis of a 
well-controllable growth process. 
0013 FIG. 1c schematically illustrates the semiconductor 
device 100 when exposed to a deposition ambient 106 in 
which a high-k dielectric material, such as hafnium oxide, is 
deposited above the active regions 102A, 102B, thereby 
forming a high-k dielectric layer 153. Thus, the layers 152 
and 153 in combination may represent the gate dielectric 
material of a transistor to be formed in and above the semi 
conductor region 102A, thereby providing the required char 
acteristics for high performance transistors, while the layer 
153 in combination with the “thick silicon dioxide material 
151 represents the dielectric material for transistors and other 
circuit elements in which a Superior performance with respect 
to reduced leakage currents and the like is required. It should 
be appreciated that the deposition process 106 may be per 
formed on the basis of any appropriate deposition recipe, for 
instance, by chemical vapor deposition (CVD), physical 
vapor deposition (PVD) and the like. For example, a thickness 
of the high-k dielectric layer 153 may be in the range of one 
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to several nanometers, depending on the overall requirements 
in view of capacitive coupling, leakage currents and the like. 
0014 FIG. 1d schematically illustrates the device 100 in a 
further advanced manufacturing stage. As shown, a titanium 
nitride material 107 is formed on the high-k dielectric mate 
rial 153, thereby providing reliable enclosure of the sensitive 
material 153 during the further processing of the device 100. 
Titanium nitride has proven to be a viable material in combi 
nation with Sophisticated high-k metal gate electrode struc 
tures in view of confining sensitive high-k materials acting as 
an etch stop material, providing Superior conductivity, for 
instance, compared to doped polysilicon material, and the 
like. Typically, the titanium nitride layer 107 may be depos 
ited by any appropriate deposition technique with a thickness 
of approximately one nanometer to several nanometers. 
Moreover, a further material layer, such as a metal layer 154, 
with a thickness of several Angstrom, may be formed on the 
titanium nitride layer 107 and may be comprised of an appro 
priate metal species in order to adjust the work function and 
thus the threshold of transistor elements to be formed in the 
active regions 102A, 102B. As previously explained, the layer 
154 may be provided with different material characteristics 
for transistors of different conductivity type, such as P-chan 
nel transistors and N-channel transistors, in order to adjust an 
appropriate work function for each transistor type. For con 
venience, the material 154 in the active regions 102A, 102B 
may be provided for one type of transistor, Such as an N-chan 
nel transistor or a P-channel transistor, and may thus include 
any appropriate species, such as lanthanum for an N-channel 
transistor or aluminum for a P-channel transistor, and the like. 
In other device regions in which the material 154 may be 
inappropriate for adjusting the desired threshold Voltage, any 
portions of these materials may be selectively removed by any 
appropriate lithography and etch technique and Subsequently 
a further material may be deposited, possibly in combination 
with an additional titanium nitride layer, if required. 
0015) Next, the semiconductor device 100 may be 
annealed at temperatures of approximately 700-900° C. in 
order to initiate the diffusion of the species in the layer 154 
through the titanium nitride material 107 into the high-k 
dielectric material 153 so as to finally form the work function 
adjusting species at an interface 153S formed between the 
materials 152 and 153 above the semiconductor region 102A 
and formed by the materials 151 and 153 above the semicon 
ductor region 102B. If required, the process 108 may include 
any further anneal step for stabilizing the metal species at the 
interface 153S, which may include the incorporation of a 
further species, such as nitrogen and the like, if considered 
appropriate. Thereafter, any residue of the layer 154 is 
removed and the titanium nitride material 107 may also be 
removed in order to provide Superior conditions during the 
Subsequent processing of the device 100, for instance interms 
of patterning a gate layer stack, since the previously treated 
titanium nitride material 107 may otherwise result in pattern 
related irregularities during the complex gate patterning pro 
CCSS, 

0016 FIG.1e schematically illustrates the semiconductor 
device 100 with the exposed high-k dielectric material 153, 
which may now comprise fixed charges 153A, 153B in the 
form of the previously diffused metal species in order to 
obtaina desired work function for the transistors to beformed 
in and above the active regions 102A, 102B in the subsequent 
processing. As previously explained, upon forming transistor 
elements on the basis of the layer systems 152 and 153 above 
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the region 102A and the layers 151 and 153 above the region 
102B, a significant difference in threshold voltage may be 
observed, wherein the reason for this variability is not yet 
understood. Without intending to restrict the present applica 
tion to the following explanation, it is believed that the dif 
ferent position of the fixed charges 153A compared to the 
fixed charges 153B with respect to the silicon material may 
strongly affect the resulting threshold Voltage, which may 
require significant modifications in order to re-adjust the dif 
ference in threshold voltage. 
0017 FIG. 1fschematically illustrates the semiconductor 
device 100 with a further titanium nitride layer 155 formed on 
the high-k dielectric layer 153 in order to confine the material 
153 and stabilize the work function adjusting species con 
tained therein. For this purpose, any appropriate deposition 
technique may be applied, as previously discussed. Based on 
the material system shown in FIG. 1f the further processing 
may be continued by depositing a silicon material, possibly in 
combination with additional cap materials and the like, as 
may be required for the further processing of the device 100. 
For instance, any hard mask materials, for instance in the 
form of amorphous carbon and the like, in addition to cap 
materials in the form of silicon nitride and the like, may be 
deposited based on well-established process techniques. 
Thereafter, the resulting material Stack is patterned by apply 
ing Sophisticated lithography techniques for forming an 
appropriate hard mask followed by anisotropic etch tech 
niques for etching through the silicon material, through the 
titanium nitride material 155, the high-k material 153 and the 
dielectric materials 152 and 151, respectively. 
0018 FIG. 1g schematically illustrates the semiconductor 
device 100 in a further advanced manufacturing stage. As 
illustrated, a gate electrode structure 150A is formed above 
the active region 102A and comprises the layers 152, 153 and 
155 in combination with a polysilicon material 156. More 
over, a sidewall spacer structure 157 is formed on sidewalls of 
the materials 152, 153, 155 and 156. Similarly, a gate elec 
trode structure 150B is formed on the active region 102B and 
comprises the polysilicon material 156 and the layers 155 and 
153, wherein the silicon dioxide material 151 may provide the 
increased thickness of the combined gate dielectric material. 
Furthermore, drain and source regions 161 are formed in the 
active regions 102A, 102B. The drain and source regions 161 
may be formed on the basis of well-established process tech 
niques, such as ion implantation and the like, wherein the 
spacer structure 157 may be used as an implantation mask 
during some of the required implantation steps. As previously 
indicated, the transistors 160A, 160B may have a different 
threshold Voltage for a given configuration of the drain and 
Source regions 161 and the channel region 162, which may 
require additional process steps for re-adjusting the threshold 
voltage of at least one of the transistors 160A, 160B. For 
instance, as previously explained, a counter-doping may be 
introduced into the active region 102B which, however, may 
result in a deteriorated charge carrier mobility in the channel 
region 162. In other cases, at least for P-channel transistors, a 
band gap offset obtained by providing a silicon/germanium 
alloy on the basic silicon material may be re-adjusted, for 
instance, by increasing the thickness of a corresponding chan 
nel semiconductor alloy and/or by increasing a germanium 
concentration, possibly in combination with a modified well 
doping in the active region 102A, which may introduce addi 
tional defects during the epitaxial growth of a corresponding 
semiconductor material. 
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0019. The present disclosure is directed to various meth 
ods and devices that may avoid, or at least reduce, the effects 
of one or more of the problems identified above. 

SUMMARY OF THE INVENTION 

0020. The following presents a simplified summary of the 
invention in order to provide a basic understanding of some 
aspects of the invention. This Summary is not an exhaustive 
overview of the invention. It is not intended to identify key or 
critical elements of the invention or to delineate the scope of 
the invention. Its sole purpose is to present some concepts in 
a simplified form as a prelude to the more detailed description 
that is discussed later. 

0021. The present disclosure generally provides semicon 
ductor devices and manufacturing techniques in which a work 
function adjusting species may be incorporated into a Sophis 
ticated gate dielectric material at an early manufacturing 
stage for gate electrode structures and other circuit elements, 
wherein the work function adjusting species may be posi 
tioned above a semiconductor material in Substantially the 
same manneringate electrodestructures having agate dielec 
tric of reduced thickness and gate electrode structures having 
a gate dielectric of increased thickness. Without intending to 
restrict the present disclosure to the following explanation, it 
is believed that a Superior degree of uniformity in positioning 
a work function adjusting species in gate dielectric materials 
of different thicknesses at substantially the same offset from 
the underlying semiconductor region may significantly con 
tribute to a more uniform threshold voltage of the resulting 
transistor elements. To this end, an appropriate process 
sequence and material system may be provided in which the 
incorporation of the work function species may be accom 
plished on the basis of substantially the same conditions for 
any type of gate electrode structure prior to incorporating an 
additional dielectric material for those gate electrode struc 
tures that require a gate dielectric material of increased thick 
ness. Consequently, other complex mechanisms. Such as the 
counter-doping of specific well regions, the increase of mate 
rial thickness and/or germanium concentration of an addi 
tional silicon/germanium alloy and the like, may be avoided 
or the corresponding mechanisms may be significantly 
reduced in their effects, which may thus result in superior 
transistor uniformity and in a reduced degree of complexity of 
the resulting process sequence. 
0022. One illustrative method disclosed herein relates to 
forming a semiconductor device. The method comprises 
forming a material layer stack above a first device region and 
a second device region, wherein the material layer stack com 
prises a dielectric base layer, a high-k dielectric material 
formed on the dielectric base layer and a metal-containing 
material formed on the high-k dielectric material. The method 
further comprises performing a heat treatment so as to diffuse 
a metal species from the metal-containing material to an 
interface that is formed by the dielectric base layer and the 
high-k dielectric material. Moreover, the method comprises 
forming a dielectric layer selectively above the second device 
region after performing the heat treatment. Additionally, the 
method comprises forming a first gate electrode structure 
above the first device region and a second gate electrode 
structure above the second device region, wherein the first 
gate electrode structure comprises the dielectric base layer 
and the high-k dielectric material as a first gate dielectric and 
wherein the second gate electrode structure comprises the 
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dielectric base layer, the high-k dielectric material and the 
dielectric layer as a second gate dielectric. 
0023. A further illustrative method disclosed herein com 
prises forming a dielectric base layer on a first semiconductor 
region and a second semiconductor region of a semiconductor 
device. Additionally, the method comprises forming a high-k 
dielectric material on the dielectric base layer above the first 
and second semiconductor regions, wherein the dielectric 
base layer and the high-k dielectric material form an inter 
face. Moreover, a work function adjusting species is formed 
at the interface above the first and second device regions. 
Furthermore, a dielectric material is formed on the high-k 
dielectric material selectively above the second semiconduc 
tor region. Finally, the method comprises forming a first gate 
electrode structure on the first semiconductor region and 
forming a second gate electrode structure on the second semi 
conductor region. 
0024. One illustrative semiconductor device disclosed 
herein comprises a first gate electrode structure formed on a 
first semiconductor region and comprising a first dielectric 
base layer, a first high-k dielectric material formed on the first 
dielectric base layer and a metal-containing electrode mate 
rial that is formed on the first high-k dielectric material. The 
semiconductor device further comprises a second gate elec 
trode structure formed on a second semiconductor region and 
comprising a second dielectric base layer, a second high-k 
dielectric material formed on the second dielectric base layer 
and a dielectric layer formed on the second high-k dielectric 
material. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0025. The disclosure may be understood by reference to 
the following description taken in conjunction with the 
accompanying drawings, in which like reference numerals 
identify like elements, and in which: 
0026 FIGS. 1a-1g schematically illustrate cross-sectional 
views of a semiconductor device during various manufactur 
ing stages in forming complex transistor elements including 
gate electrode structures having a gate dielectric layer with a 
high-k dielectric material and with a different thickness, 
according to conventional strategies; 
0027 FIGS. 2a-2h schematically illustrate cross-sectional 
views of a semiconductor device during various manufactur 
ing stages when forming transistors having gate electrode 
structures with a high-k dielectric material and with different 
thickness gate dielectrics by positioning a work function 
adjusting species Substantially at the same height level above 
an underlying semiconductor material, according to illustra 
tive embodiments; and 
0028 FIGS. 2i-2m schematically illustrate cross-sectional 
views of the semiconductor device in which gate electrode 
structures having a gate dielectric material of different thick 
ness may be formed such that a metal-containing electrode 
material may be avoided in one type of gate electrode struc 
ture, thereby enabling use of these gate electrodestructures as 
non-transistor elements, such as resistors, according to fur 
ther illustrative embodiments. 
0029 While the subject matter disclosed herein is suscep 
tible to various modifications and alternative forms, specific 
embodiments thereofhave been shown by way of example in 
the drawings and are herein described in detail. It should be 
understood, however, that the description herein of specific 
embodiments is not intended to limit the invention to the 
particular forms disclosed, but on the contrary, the intention is 
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to cover all modifications, equivalents, and alternatives fall 
ing within the spirit and scope of the invention as defined by 
the appended claims. 

DETAILED DESCRIPTION 

0030 Various illustrative embodiments of the invention 
are described below. In the interest of clarity, not all features 
of an actual implementation are described in this specifica 
tion. It will of course be appreciated that in the development 
of any such actual embodiment, numerous implementation 
specific decisions must be made to achieve the developers 
specific goals, such as compliance with system-related and 
business-related constraints, which will vary from one imple 
mentation to another. Moreover, it will be appreciated that 
Such a development effort might be complex and time-con 
Suming, but would nevertheless be a routine undertaking for 
those of ordinary skill in the art having the benefit of this 
disclosure. 
0031. The present subject matter will now be described 
with reference to the attached figures. Various structures, 
systems and devices are schematically depicted in the draw 
ings for purposes of explanation only and so as to not obscure 
the present disclosure with details that are well known to 
those skilled in the art. Nevertheless, the attached drawings 
are included to describe and explain illustrative examples of 
the present disclosure. The words and phrases used herein 
should be understood and interpreted to have a meaning con 
sistent with the understanding of those words and phrases by 
those skilled in the relevantart. No special definition of a term 
or phrase, i.e., a definition that is different from the ordinary 
and customary meaning as understood by those skilled in the 
art, is intended to be implied by consistent usage of the term 
or phrase herein. To the extent that a term or phrase is intended 
to have a special meaning, i.e., a meaning other than that 
understood by skilled artisans, such a special definition will 
be expressly set forth in the specification in a definitional 
manner that directly and unequivocally provides the special 
definition for the term or phrase. 
0032. The present disclosure provides semiconductor 
devices and manufacturing techniques in which a work func 
tion adjusting species may be incorporated into the gate 
dielectric material of gate electrode structures in an early 
manufacturing stage, i.e., prior to actually patterning the gate 
electrodestructures, wherein a high degree of uniformity may 
also be achieved with respect to the position of the work 
function adjusting species above the underlying semiconduc 
tor material. To this end, the work function adjusting species 
may be diffused and stabilized in a manufacturing stage in 
which the gate electrode structures of transistors of the same 
conductivity type which may require different thickness gate 
dielectric materials may have the same configuration, thereby 
avoiding any non-uniformities in the vertical distance, as is 
the case in conventional process strategies, as previously 
described with reference to FIGS. 1a-1g. After the position 
ing of the work function adjusting species, the further char 
acteristics of the gate dielectric materials may be adjusted, for 
instance in terms of the finally desired thickness, thereby 
reducing any effect on the finally obtained threshold voltage 
of these transistor elements. In some illustrative embodi 
ments, the process sequence may be applied in Such a manner 
that "gate electrode structures having a thick gate dielectric 
material may be used as non-transistor elements. Such as 
resistors in the form of polysilicon resistors and the like, since 
a metal-containing electrode material may not be provided in 
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these circuit elements, thereby not unduly reducing the over 
all resistivity of the actual electrode material. Such as a poly 
silicon material and the like. On the other hand, the gate 
electrode structures having the “thin' gate dielectric material 
may provide the desired high performance characteristics 
since the high-k dielectric material may be provided in com 
bination with a metal-containing electrode material, while 
nevertheless the different gate electrode structures may pro 
vide a very uniform threshold voltage behavior of the corre 
sponding transistor elements. 
0033. With reference to FIGS. 2a-2m, further illustrative 
embodiments will now be described in more detail, wherein 
reference may also be made to FIGS. 1a-1g, when appropri 
ate. 

0034 FIG. 2a schematically illustrates a cross-sectional 
view of a semiconductor device 200 comprising a substrate 
201 and a semiconductor layer 202, such as a silicon-based 
layer and the like, wherein, if appropriate, a buried insulating 
layer (not shown) may be formed between the substrate 201 
and the semiconductor layer 202, at least in some device 
regions, such as regions 200A, 200B. That is, the device 200 
may comprise device regions having a bulk configuration, a 
silicon-on-insulator (SOI) configuration or both configura 
tions may be used in different device regions. Corresponding 
semiconductor regions or active regions 202A, 202B may be 
provided in the device regions 200A, 200B, respectively, 
which may be laterally delineated by appropriate isolation 
structures, as will be described later on in more detail. More 
over, in the manufacturing stage shown, a dielectric base layer 
252, such as a silicon oxide-based material or any other 
appropriate dielectric material. Such as silicon oxynitride and 
the like, may be formed on the active regions 202A, 202B, 
followed by a high-k dielectric material 253. With respect to 
a thickness and material composition of the high-k dielectric 
material 253, the same criteria may apply as previously 
explained with reference to the semiconductor device 100. 
The dielectric base layer 252 may be formed by oxidation 
and/or deposition, possibly in combination with other Surface 
treatments and the like, depending on the desired material 
composition. Similarly, the high-k dielectric material 253, 
which, in one illustrative embodiment, may be provided in the 
form of hafnium oxide, may be deposited on the basis of any 
appropriate deposition technique. 
0035 FIG.2b schematically illustrates the semiconductor 
device 200 with a metal-containing cap layer 207 formed on 
the high-k dielectric material 253, followed by a further 
metal-containing material 254, wherein, in other illustrative 
embodiments, the materials 207, 254 may be provided in the 
form of a single material layer, if considered appropriate. For 
instance, the layer 207 may be provided in the form of a 
titanium nitride material with a thickness of several Angstrom 
to several nanometers or eventhicker, while the material layer 
254 may be provided with a thickness of several Angstrom to 
several nanometers, depending on the desired concentration 
of a work function adjusting species to be formed within the 
gate dielectric material comprised of the materials 252 and 
253. It should be appreciated that FIG. 2b illustrates the 
material layer stack as may be required for adjusting the work 
function of a specific transistor type, such as a P-channel 
transistor or an N-channel transistor, wherein, in other cases, 
additional material layers may be provided, for instance a 
further titanium nitride material in combination with an addi 
tional workfunction adjusting species may be provided above 
the material system as shown in FIG.2b in order to obtain the 
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desired work function adjustment in other device areas, in 
which the material system of FIG. 2b may have been 
removed. In this case, a material system as shown in FIG.2b 
may be provided in device areas with an appropriately 
adapted material layer 254. For convenience, any such con 
figurations for forming material systems for adjusting the 
work function of transistors of different conductivity type are 
not shown in FIG.2b. Consequently, the layer 207 or the layer 
254 may comprise an appropriate species. Such as lanthanum 
for N-channel transistors, aluminum and the like, which is to 
be incorporated in the gate dielectric material comprised of 
the layers 252 and 253. With respect to any deposition tech 
niques for forming the layers 207 and 254, it may be referred 
to the semiconductor device 100, as previously described 
with reference to FIGS. 1a-1f. 
0036 FIG.2c schematically illustrates the semiconductor 
device 200 during aheat treatment 208 in which the layer 254 
or any species contained therein may be diffused into the gate 
dielectric material, i.e., into the high-k dielectric material 253 
and substantially to an interface 253S, depending on the dif 
fusion blocking capability of the dielectric base layer 252. 
Consequently, during the treatment 208, which may be per 
formed on the basis of appropriate temperatures in the range 
of approximately 700-1000° C. for instance, fixed charges 
254A may be positioned within the materials 253, 252 and 
preferably at the interface 253S, wherein substantially the 
same conditions may prevail in the first and second semicon 
ductor regions 200A, 200B. Consequently, a concentration 
and a location of the fixed charges 254A above the active 
regions 202A, 202B may be substantially the same, thereby 
providing very uniform conditions for adjusting the desired 
work function and hence the threshold voltage of transistor 
elements to be formed in and above the active regions 202A, 
202B, respectively. 
0037 FIG. 2d schematically illustrates the device 200 in a 
further advanced manufacturing stage in which a portion of 
the material layer 207 (FIG.2c) may be selectively removed 
from above the active region 202B, above which is to be 
formed a gate electrode structure having a gate dielectric 
material with increased thickness compared to the active 
region 202A. For this purpose, any appropriate etch recipe 
may be applied in combination with an appropriate etch 
mask, wherein the high-k dielectric material 253 may act as 
an etch stop material above the active region 202B. Conse 
quently, a portion 207A may remain above the active region 
202A, thereby further covering the high-k dielectric material 
253. 

0038 FIG.2e schematically illustrates the device 200 with 
a further dielectric layer 251 formed above the active regions 
202A, 202B. The dielectric layer 251 may be provided in the 
form of a silicon dioxide-based material, while, in other 
cases, any other appropriate dielectric materials may be used 
in order to obtain the desired transistor performance foragate 
electrode structure requiring an increased thickness of a gate 
dielectric material. Hence, the thickness and material com 
position of the dielectric layer 251 may be selected such that, 
in combination with the layers 252 and 253, a desired gate 
dielectric material may be obtained above the active region 
202B. For this purpose, well-established CVD techniques 
may be applied to form materials such as silicon dioxide with 
an appropriate thickness. 
0039 FIG.2f schematically illustrates the device 200 in a 
further advanced manufacturing stage in which the dielectric 
layer 251 (FIG. 2e) is selectively removed from above the 
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active region 202A. For this purpose, an appropriate etch 
mask, Such as a resist mask, may be provided (not shown) and 
the device 200 may be exposed to an appropriate etch ambi 
ent, for instance a wet chemical etch ambient based on 
hydrofluoric acid (HF) when the material 251 is comprised of 
silicon dioxide. With other materials, any other appropriate 
etch chemistry may be applied. During the etch process, the 
remaining layer 207A may act as an efficient etch stop mate 
rial, for instance in the form of titanium nitride, which exhib 
its a high etch selectivity with respect to HF, thereby reliably 
protecting the underlying high-kmaterial 253. Consequently, 
a first gate dielectric material 259A may be formed on the 
active region 202A and may be comprised of the layers 252 
and 253 including the work function adjusting species 254A, 
while a second thicker gate dielectric material 259B may be 
formed on the active region 202B and may be comprised of 
the materials 252 and 253 in combination with the dielectric 
layer 251B. On the other hand, the gate dielectric material 
259B may also comprise the work function adjusting species 
254A with the same concentration and spatial distribution, 
except for any process-related non-uniformities, as the gate 
dielectric material 259A, thereby providing a high degree of 
uniformity, for instance in terms of threshold Voltage of tran 
sistors still to be formed. 

0040 FIG.2g schematically illustrates the device 200 in a 
manufacturing stage in which a metal-containing electrode 
material or cap material 255 may be formed on the gate 
dielectric materials 259A, 259B. In one illustrative embodi 
ment, the material 255 may be provided in the form of a 
titanium nitride material, while, in other cases, any other 
appropriate material or materials may be provided, depending 
on the overall required configuration of the gate electrode 
structures still to be formed. For this purpose, the remaining 
layer 207A (FIG.2f) may be removed by any appropriate etch 
recipe, which may have a pronounced etch selectivity with 
respect to the high-k dielectric material 253. For example, a 
plurality of high-k dielectric materials. Such as hafnium 
oxide, may exhibit superior etch resistivity for a plurality of 
etch chemistries which may be used for removing materials 
selectively to silicon dioxide. Hence, any Such etch recipe 
may be advantageously applied so as to efficiently remove the 
titanium nitride material while substantially not unduly 
affecting the high-k dielectric material 253 and also main 
taining integrity of the dielectric layer 251B. If required, an 
etch mask may be provided to cover the gate dielectric mate 
rial 259B. 

004.1 FIG.2h schematically illustrates the device 200 in a 
further advanced manufacturing stage. As illustrated, a first 
transistor 260A is formed in and above the active region202A 
and may comprise drain and Source regions 261, which may 
laterally enclose a channel region 262. Similarly, a second 
transistor 260B may be formed in and above the active region 
202B and may comprise the drain and source regions 261 in 
combination with the channel region 262, wherein, in some 
illustrative embodiments, the doping profile of the drain and 
Source regions 261 and of the channel region 262 may be 
substantially the same for the transistors 260A, 260B. Fur 
thermore, the transistor 260A may comprise a first gate elec 
trode structure 250A including the gate dielectric material 
259A, i.e., the layers 252 and 253, followed by the metal 
containing electrode material 255, such as a titanium nitride 
material and the like, in combination with a further electrode 
material 256. Such as a polysilicon material, a silicon/germa 
nium mixture and the like. Similarly, the second transistor 



US 2011/0049642 A1 

260B may comprise a second gate electrode structure 250B 
comprising the gate dielectric material 259B having the 
increased thickness due to the presence of the dielectric layer 
251B in combination with the material layers 252 and 253. 
Furthermore, the metal-containing material 255 may be pro 
vided in combination with the electrode material 256. Fur 
thermore, a sidewall spacer structure 257 in accordance with 
process and device requirements may be formed on sidewalls 
of the electrode materials 256, 255 and the gate dielectric 
materials 259A, 259B. 
0042. With respect to any manufacturing techniques for 
forming the transistors 260A, 260B, any appropriate process 
strategy may be applied, for instance as previously explained 
with reference to the semiconductor device 100, wherein, in 
the embodiment shown, the channel regions 262 and the drain 
and source regions 261 may be formed on the basis of a 
common process sequence without requiring additional pro 
cesses for adjusting the finally desired threshold voltage for 
the transistors 260A, 260B. That is, due to the high degree of 
uniformity of the spatial distribution of the work function 
adjusting species within the materials 252 and 253, as previ 
ously explained, a high degree of uniformity of the threshold 
Voltage characteristics may be achieved, while at the same 
time the desired difference in thickness of the gate dielectric 
materials 259A, 259B may be provided. 
0043. With reference to FIGS. 2i-2m, further illustrative 
embodiments will now be described in which a highly con 
ductive metal-containing electrode material may not be pro 
vided in the gate electrode structures having the gate dielec 
tric material of increased thickness. In this case, the resulting 
"gate electrode structure' may also be used for any non 
transistor elements in which the moderately high conductiv 
ity of the metal-containing electrode material may be consid 
ered inappropriate, for instance in polysilicon or other 
semiconductor-based resistive structures, which may have to 
be implemented in complex semiconductor devices. 
0044 FIG.2i schematically illustrates the device 200 in a 
manufacturing stage in which the dielectric base layer 252 
and the high-k dielectric material 253 have incorporated 
therein the work function adjusting species 254A, which may 
be accomplished on the basis of any appropriate anneal pro 
cess. Moreover, it should be appreciated that any other spe 
cies may be incorporated into the layers 252 and 253 so as to 
appropriately stabilize the resulting configuration, as is, for 
instance, explained with reference to the device 100. More 
over, the device 200 may be exposed to an etch ambient 209 
so as to remove the material 207, possibly in combination 
with any residues of a material layer containing the work 
function adjusting species 254A, as is also previously dis 
cussed. The etch process 209 may be performed on the basis 
of any appropriate selective etch recipe in order to remove the 
layer 207, for instance provided in the form of titanium 
nitride, selectively with respect to the high-k dielectric mate 
rial 253, which may exhibit a high etch resistivity with respect 
to a plurality of etch recipes. As previously discussed, the 
removal of the titanium nitride material 207 may be advanta 
geous in view of the further processing, i.e., the patterning of 
the gate layer stack, as is also previously discussed. 
004.5 FIG.2i schematically illustrates the device 200 in a 
further advanced manufacturing stage in which a metal-con 
taining cap material or electrode material 255A may be selec 
tively formed above the active region 202A. To this end, an 
appropriate material. Such as titanium nitride, may be depos 
ited and may be subsequently patterned on the basis of an etch 
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mask, thereby removing the material from above the active 
region 202B while using the material 253 as an etch stop 
material. 

0046 FIG. 2k schematically shows the device 200 with a 
dielectric layer 251 formed above the active regions 202A, 
202B. With respect to material characteristics, such as com 
position and thickness of the layer 251, it may be referred to 
any explanations given above. Next, an etch mask (not 
shown) may be provided and an etch process may be per 
formed, for instance on the basis of hydrofluoric acid, to 
remove the dielectric layer 251 selectively from above the 
active region 202A, while using the metal-containing mate 
rial 255A as an efficient etch stop material, for instance in the 
form of titanium nitride, as explained above. 
0047 FIG. 2l schematically illustrates the semiconductor 
device 200 after the above-described process sequence. Con 
sequently, the gate dielectric material 259A is formed above 
the active region202A and is covered by the metal-containing 
material 255A, while the gate dielectric material 259B may 
be formed above the active region 202B and may comprise 
the dielectric layer 251B, which may additionally provide the 
integrity of the material 253 during the further processing. 
Consequently, a desired electrode material. Such as silicon, 
silicon/germanium and the like, may be deposited, possibly in 
combination with other materials, such as cap materials, hard 
mask materials and the like, and the resulting layer Stack may 
be patterned in accordance with well-established process 
techniques. 
0048 FIG.2m schematically illustrates the semiconductor 
device 200 in a further advanced manufacturing stage. As 
illustrated, the transistor 260A may be formed in the first 
device region 200A and may comprise the gate electrode 
structure 250A comprising the gate dielectric material 259A 
in combination with the metal-containing electrode material 
255A and the semiconductor-based electrode material 256. 
The second device region 200B may comprise the transistor 
260B formed in and above the active region 202B, wherein 
the gate electrode structure 250B may comprise the gate 
dielectric material 259B including the dielectric layer 251B 
on which may be formed the semiconductor-based electrode 
material 256. Moreover, a further "gate electrode structure' 
250C, which may represent any non-transistor circuit ele 
ment, which, in one embodiment, may be represented by a 
resistor, may beformed in the second device region 200B, for 
instance on an isolation structure 202C. The isolation struc 
ture 202C may be formed in the semiconductor layer 202 on 
the basis of any well-established process techniques, for 
instance in the form of a shallow trench isolation, thereby also 
delineating corresponding active regions in the semiconduc 
tor layer 202. In the embodiment shown, the isolation struc 
ture 202C may be provided adjacent to the active region 
202B, or at least a portion thereof. It should be appreciated, 
however, that the isolation structure 202C may be provided at 
any appropriate position within the device region 200B in 
accordance with the required circuit layout. The circuit ele 
ment or gate electrode structure 250C may comprise a gate 
dielectric material 259C, which may have substantially the 
same configuration as the gate dielectric material 259B, when 
for instance the dielectric base layer 252 has been formed on 
the basis of a deposition technique. In other cases, for instance 
when formed by applying an oxidation process, the high-k 
dielectric material 253 may be directly formed on the insu 
lating material of the isolation structure 202C. Since the gate 
dielectric materials 259B, 259C are formed on the basis of a 
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common manufacturing process, any metal-containing elec 
trode material formed thereon, such as the material 255A, 
may be avoided, thereby enabling an efficient adaptation of 
the overall resistivity of the structure 250C when used as a 
resistor. Consequently, Superior transistor characteristics 
may be obtained for the transistor 260A on the basis of the 
gate dielectric material 259A, while the gate dielectric mate 
rial 259B, 259C may be used in less critical transistors and 
any other non-transistor elements, wherein the high degree of 
uniformity of positioning the work function adjusting species 
may provide a desired threshold voltage uniformity of the 
transistors 260A, 260B. 
0049. As a result, the present disclosure provides semicon 
ductor devices and manufacturing techniques in which a high 
degree of uniformity upon incorporating a work function 
adjusting species into a high-k dielectric material may be 
accomplished, which may thus result in Superior uniformity 
of threshold Voltages of transistors having gate electrode 
structures with different thickness gate dielectric materials. 
0050. The particular embodiments disclosed above are 
illustrative only, as the invention may be modified and prac 
ticed in different but equivalent manners apparent to those 
skilled in the art having the benefit of the teachings herein. For 
example, the process steps set forth above may be performed 
in a different order. Furthermore, no limitations are intended 
to the details of construction or design herein shown, other 
than as described in the claims below. It is therefore evident 
that the particular embodiments disclosed above may be 
altered or modified and all such variations are considered 
within the scope and spirit of the invention. Accordingly, the 
protection sought herein is as set forth in the claims below. 

What is claimed: 
1. A method of forming a semiconductor device, the 

method comprising: 
forming a material layer stack above a first device region 

and a second device region, said material layer stack 
comprising a dielectric base layer, a high-k dielectric 
material formed on said dielectric base layer and metal 
containing material formed on said high-k dielectric 
material; 

performing a heat treatment so as to diffuse a metal species 
from said metal-containing material to an interface 
formed by said dielectric base layer and said high-k 
dielectric material; 

forming a dielectric layer selectively above said second 
device region after performing said heat treatment; and 

forming a first gate electrode structure above said first 
device region and a second gate electrode structure 
above said second device region, said first gate electrode 
structure comprising said dielectric base layer and said 
high-k dielectric material as a first gate dielectric and 
said second gate electrode structure comprising said 
dielectric base layer, said high-k dielectric material and 
said dielectric layer as a second gate dielectric. 

2. The method of claim 1, whereinforming said dielectric 
layer selectively above said second device region comprises 
removing said metal-containing material selectively above 
said second device region, depositing said dielectric layer 
above said first and second device region and removing said 
dielectric layer selectively from above said first device region 
by using said metal-containing material as an etch stop. 

3. The method of claim 1, further comprising removing 
said metal-containing material after forming said dielectric 
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layer selectively above said second device region and forming 
a second metal-containing material above said first and sec 
ond device regions. 

4. The method of claim 1, whereinforming said material 
layer stack comprises forming a first metal-containing mate 
rial on said high-k dielectric material and forming a work 
function adjusting species on said first metal-containing 
material. 

5. The method of claim 2, wherein said metal-containing 
material comprises titanium nitride. 

6. The method of claim 5, wherein removing said dielectric 
layer selectively from above said second device region further 
comprises performing a wet chemical etch process on the 
basis of hydrofluoric acid. 

7. The method of claim 1, wherein said dielectric base layer 
comprises silicon and oxygen. 

8. The method of claim 1, wherein said dielectric layer 
comprises silicon dioxide. 

9. The method of claim 1, further comprising forming a 
first transistor in said first device region on the basis of said 
first gate electrode structure and forming a second transistor 
in said second device region on the basis of said second gate 
electrode structure, wherein said first and second transistors 
have substantially the same threshold voltage. 

10. The method of claim 1, further comprising removing 
said metal-containing material from above said first and sec 
ond device regions and forming a second metal-containing 
material selectively above said first device region prior to 
forming said dielectric layer selectively above said second 
device region. 

11. The method of claim 10, further comprising forming an 
electrode material on said second metal-containing material 
above said first device region and forming said electrode 
material on said dielectric layer above said second device 
region. 

12. The method of claim 11, further comprising forming a 
transistor in said first device region on the basis of said first 
gate electrode structure and forming a resistor in said second 
device region on the basis of said second gate electrode struc 
ture. 

13. A method, comprising: 
forming a dielectric base layer on a first semiconductor 

region and a second semiconductor region of a semicon 
ductor device; 

forming a high-k dielectric material on said dielectric base 
layer above said first and second semiconductor regions, 
said dielectric base layer and said high-k dielectric mate 
rial forming an interface; 

forming a work function adjusting species at said interface 
above said first and second semiconductor regions; 

forming a dielectric material on said high-k dielectric 
material selectively above said second semiconductor 
region; and 

forming a first gate electrode structure on said first semi 
conductor region and a second gate electrode structure 
on said second semiconductor region. 

14. The method of claim 13, further comprising forming a 
metal-containing material layer on said high-k dielectric 
material and on said dielectric material. 

15. The method of claim 14, further comprising forming a 
semiconductor electrode material on said metal-containing 
material. 

16. The method of claim 13, further comprising forming a 
metal-containing material selectively on said high-k dielec 
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tric material and forming an electrode material on said metal 
containing material and on said dielectric material. 

17. The method of claim 13, wherein forming said work 
function adjusting species at said interface comprises form 
ing a material layer comprising said work function adjusting 
species on said high-k dielectric layer and annealing said 
semiconductor device. 

18. The method of claim 17, further comprising removing 
said material layer and forming a metal-containing material 
selectively on said high-k dielectric material above said first 
semiconductor region. 

19. The method of claim 18, wherein said material layer 
and said metal-containing material comprises titanium 
nitride. 

20. A semiconductor device, comprising: 
a first gate electrode structure formed on a first semicon 

ductor region and comprising a first dielectric base layer, 
a first high-k dielectric material formed on said first 
dielectric base layer and a metal-containing electrode 
material formed on said first high-k dielectric material; 
and 

a second gate electrode structure formed on a second semi 
conductor region and comprising a second dielectric 
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base layer, a second high-k dielectric material formed on 
said second dielectric base layer and a dielectric layer 
formed on said second high-k dielectric material. 

21. The semiconductor device of claim 20, further com 
prising a second metal-containing electrode material formed 
on said dielectric layer of said second gate electrodestructure. 

22. The semiconductor device of claim 21, further com 
prising a semiconductor electrode material formed on said 
metal-containing electrode material and said second metal 
containing electrode material. 

23. The semiconductor device of claim 20, further com 
prising a semiconductor electrode material formed on said 
metal-containing electrode material and on said dielectric 
layer. 

24. The semiconductor device of claim 20, wherein said 
first and second dielectric base layers have the same material 
composition and wherein said first and second high-k dielec 
tric material have the same material composition. 

25. The semiconductor device of claim 20, wherein said 
metal-containing electrode material comprises titanium 
nitride. 


