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A semiconductor structure is provided that includes a ?rst 
device region including a ?rst threshold voltage adjusting 
layer located atop a semiconductor substrate, a gate dielectric 
located atop the ?rst threshold voltage adjusting layer, and a 
gate conductor located atop the gate dielectric. The structure 
further includes a second device region including a gate 
dielectric located atop the semiconductor substrate, and a gate 
conductor located atop the gate dielectric; and a third device 
region including a gate dielectric located atop the semicon 
ductor substrate, a second threshold voltage adjusting layer 
located atop the gate dielectric, and a gate conductor located 
atop the second threshold voltage adjusting layer. In the 
inventive structure the ?rst threshold voltage adjusting layer 
includes one of an nFET threshold voltage adjusting material 

(21) APP1- NOJ 12/487,202 or a pFET threshold voltage adjusting material and the second 
threshold voltage adjusting layer is the other of the nFET 
threshold voltage adjusting material or the pFET threshold 
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PLANAR AND NON-PLANAR C MOS 
DEVICES WITH MULTIPLE TUNED 

THRESHOLD VOLTAGES 

BACKGROUND 

[0001] The present invention relates to semiconductor 
structures and methods of fabricating the same. More particu 
larly, the present invention relates to planar and non-planar 
complementary metal oxide semiconductor (CMOS) devices 
having multiple tuned threshold voltages. 
[0002] Advanced semiconductor chips employ multiple 
types of ?eld effect transistors (FETs) having different 
threshold voltages, on-current per unit Width and off-current 
per unit Width. Field effect transistors having a high threshold 
voltage (on the order of 0.25 V or greater) are typically called 
“loW poWer” devices, Which have a loW on-current and a loW 
off-current. Field effect transistors (FETs) having a loW 
threshold voltage (on the order of less than 0.25 V) are called 
“high performance” devices, Which have a high on-current 
and a high off-current. By employing a mixture of loW poWer 
devices, and high poWer devices, a semiconductor chip may 
provide optimal performance at an optimal poWer consump 
tion level. In addition to poWer constraints, several threshold 
voltages are required to serve several functionalities on the 
semiconductor chip. Logic devices are typically tuned 
toWards the band edge, While SRAM devices typically require 
mid-gap threshold voltages. 
[0003] There are many different techniques to implement 
multiple threshold voltage devices including, for example, by 
varying the gate oxide thickness, doping densities, channel 
lengths and by changing the gate metals. HoWever, these prior 
art techniques require separate sets of masks and processing 
steps to form devices of various threshold voltages. As a 
result, prior art processes of fabricating multiple threshold 
devices incur additional fabrication costs and complexity. 
[0004] In addition to the above, it is possible to realiZe 
multiple threshold devices of the same physical dimensions 
and properties by modulating the biases applied to their bod 
ies. HoWever, these devices have a sloWer operation speed, 
due to time needed to charge their bodies and Wells. More 
over, these prior art techniques may not be applicable to 
devices With fully depleted bodies. 
[0005] Many of the prior art techniques for fabricating mul 
tiple threshold voltages devices such as those discussed above 
While applicable for planar semiconductor devices are not 
applicable to non-planar semiconductor devices and multiple 
gate devices such as, for example, FinFETs, trigate FETs or 
any such variety of MUGFETs (multiple gate FETs).As such, 
there is a need for providing a simple and cost ef?cient 
method for fabricating multiple tuned threshold voltage 
devices that are applicable for non-planar semiconductor 
devices as Well as planar semiconductor devices. 

BRIEF SUMMARY 

[0006] The present invention provides a semiconductor 
structure and methodology for obtaining multiple tuned 
threshold voltage devices (With Tm scaling) on the same 
semiconductor Wafer using an alternative technique that is 
applicable and ideal for non-planar semiconductor devices 
such as, for example, FinF ET, trigate FETs or any such vari 
ety of MUGFETs devices as Well as planar semiconductor 
devices such as for example, ?eld effect transistors (FETs). 
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[0007] In one embodiment of the present invention, mul 
tiple gate stacks are provided Which include a threshold volt 
age adjusting layer located above and/or beloW the gate 
dielectric to obtain symmetric threshold voltages. 
[0008] In one aspect of the invention, a method of forming 
a semiconductor structure having multiple tuned threshold 
devices on the same semiconductor substrate is provided. The 
inventive method includes providing a semiconductor sub 
strate having at least a ?rst device region, a second device 
region and a third device region; forming a ?rst threshold 
voltage adjusting layer Within the ?rst device region, said ?rst 
threshold voltage adjusting layer being absent from the sec 
ond and third device regions and including one of an nFET 
threshold voltage adjusting material or a pFET threshold 
voltage adjusting material; forming a gate dielectric Within 
the ?rst device region, the second device region and the third 
device region; forming a second threshold voltage adjusting 
layer Within either the second or third device regions, yet 
absence from the ?rst device region, said second threshold 
voltage adjusting layer is the other of the nFET threshold 
voltage adjusting material or the pFET threshold voltage 
adjusting material; and forming a gate conductor Within the 
?rst, second and third device regions. 
[0009] In another aspect of the invention, a semiconductor 
structure is provided that includes a ?rst device region having 
a ?rst threshold voltage adjusting layer located atop on a 
semiconductor substrate, a gate dielectric located atop the 
?rst threshold voltage adjusting layer, and a gate conductor 
located atop the gate dielectric; a second device region 
including a gate dielectric located atop the semiconductor 
substrate, and a gate conductor located atop the gate dielec 
tric; and a third device region including a gate dielectric 
located atop the semiconductor substrate, a second threshold 
voltage adjusting layer located atop the gate dielectric, and a 
gate conductor located atop the second threshold voltage 
adjusting layer, Wherein said ?rst threshold voltage adjusting 
layer includes one of an nFET threshold voltage adjusting 
material or a pFET threshold voltage adjusting material and 
said second threshold voltage adjusting layer is the other of 
said nFET threshold voltage adjusting material or the pFET 
threshold voltage adjusting material. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

[0010] FIG. 1 is a pictorial representation (through a cross 
sectional vieW) illustrating a semiconductor substrate that can 
be used in the present invention. 
[0011] FIG. 2 is a pictorial representation (through a cross 
sectional vieW) illustrating a structure that is formed after 
forming a plurality of device regions Within the semiconduc 
tor substrate shoWn in FIG. 1, each plurality of device regions 
including at least one semiconductor ?n. 
[0012] FIG. 3 is a pictorial representation (through a cross 
sectional vieW) illustrating the structure that is formed after 
forming a ?rst threshold voltage adjusting layer on exposed 
surfaces of the structure shoWn in FIG. 2. 
[0013] FIG. 4 is a pictorial representation (through a cross 
sectional vieW) illustrating the structure of FIG. 3 after pat 
terning the ?rst threshold voltage adjusting layer to remain 
Within at least one of the device regions. 
[0014] FIG. 5 is a pictorial representation (through a cross 
sectional vieW) illustrating the structure of FIG. 4 after form 
ing a gate dielectric on all exposed surfaces in each of the 
device regions. 
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[0015] FIG. 6 is a pictorial representation (through a cross 
sectional vieW) illustrating the structure of FIG. 5 after form 
ing a second threshold voltage adjusting layer on said gate 
dielectric in each of the device regions. 
[0016] FIG. 7 is a pictorial representation (through a cross 
sectional vieW) illustrating the structure of FIG. 6 after pat 
terning the second thresholdvoltage adjusting layer to remain 
Within at least one of the device regions not including the ?rst 
threshold voltage adjusting layer. 
[0017] FIG. 8 is a pictorial representation (through a cross 
sectional vieW) illustrating the structure of FIG. 7 after form 
ing a gate conductor on all exposed surfaces in each of the 
device regions. 
[0018] FIG. 9A is a pictorial representation (through a cross 
sectional vieW) after forming a Si-containing material on the 
structure shoWn in FIG. 8 in accordance With one embodi 
ment of the invention. 

[0019] FIG. 9B is a pictorial representation (through a cross 
sectional vieW) after forming a Si-containing material on the 
structure shoWn in FIG. 8 in accordance With another embodi 
ment of the invention. 

[0020] FIG. 10 is a pictorial representation (through a cross 
sectional vieW) after annealing and removing the Si-contain 
ing material, the gate conductor, and the various threshold 
voltage adjusting layers that are present atop the gate dielec 
tric from the structure shoWn in either FIG. 9A or FIG. 9B. 

[0021] FIG. 11 is a pictorial representation (through a cross 
sectional vieW) after forming a single metal electrode and 
formation of a second Si-containing layer on the structure 
shoWn in FIG. 10. 

DETAILED DESCRIPTION 

[0022] The present invention, Which provides a semicon 
ductor structure and methodology for obtaining multiple 
tuned threshold voltage devices (With Tl-nv scaling) on the 
same semiconductor Waferusing an alternative technique that 
is applicable and ideal for non-planar semiconductor devices 
as Well as planar semiconductor devices, Will noW be 
described in greater detail by referring to the folloWing dis 
cussion and draWings that accompany the present application. 
It is noted that the draWings of the present application are 
provided for illustrative purposes only and, as such, the draW 
ings are not draWn to scale. 

[0023] In the folloWing description, numerous speci?c 
details are set forth, such as particular structures, compo 
nents, materials, dimensions, processing steps and tech 
niques, in order to provide a thorough understanding of the 
present invention. HoWever, it Will be appreciated by one of 
ordinary skill in the art that the invention may be practiced 
Without these speci?c details. In other instances, Well-knoWn 
structures or processing steps have not been described in 
detail in order to avoid obscuring the invention. 

[0024] It Will be understood that When an element as a layer, 
region or substrate is referred to as being “on” or “over” 
another element, it can be directly on the other element or 
intervening elements may also be present. In contrast, When 
an element is referred to as being “directly on” or “directly 
over” another element, there are no intervening elements 
present. It Will also be understood that When an element is 
referred to as being “connected” or “coupled” to another 
element, it can be directly connected or coupled to the other 
element or intervening elements may be present. In contrast, 
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When an element is referred to as being “directly connected” 
or “directly coupled” to another element, there are no inter 
vening elements present. 
[0025] Reference is noW made to FIGS. 1-9A Which illus 
trate the basic processing steps that can be utiliZed in one 
embodiment of the present invention to form a semiconductor 
structure having at least three devices of different threshold 
voltages in different device regions. In the embodiment illus 
trated and described herein beloW, the semiconductor devices 
that are being fabricated are FinFET devices. Although such 
non-planar semiconductor devices are being described and 
illustrated, the inventive methodology can be applied to other 
types of non-planar semiconductor devices as Well as planar 
semiconductor devices such as planar FET devices. When 
planar devices are to be fabricated, the processing steps 
shoWn in FIG. 2 may be omitted and the interfacial layer, if 
present, or the ?rst threshold voltage adjusting layer is formed 
on a planar surface of a semiconductor substrate. 

[0026] Speci?cally, FIG. 1 is a pictorial representation of a 
semiconductor substrate 10 that can be employed in the 
present invention. The semiconductor substrate 10 shoWn in 
FIG. 1 is a semiconductor-on-insulator substrate including a 
bottom semiconductor layer 12 and a top semiconductor 
layer, e.g., SOI layer, 16 that are separated, at least in part, by 
a buried insulating layer 14. Although illustration is made to 
a semiconductor-on-insulator substrate, semiconductor sub 
strate 10 can also be a bulk semiconductor substrate including 
one or more semiconducting materials, or a hybrid semicon 
ductor substrate including at least tWo surface regions that 
have different crystallographic orientations. The hybrid sub 
strate can have regions that are all SOI like (i.e., have a buried 
insulating layer beneath an SOI layer) or some regions can be 
SOI like and others are bulk like. 

[0027] The semiconductor substrate 10 can be fabricated 
using processing techniques Well knoWn to those skilled in 
the art. For example, semiconductor-on-insulator substrates 
can be formed by Wafer bonding, lamination, or by a process 
in Which insulating ions are ?rst implanted into a bulk semi 
conductor material and thereafter an annealing step is per 
formed that converts the implant region into a buried insulat 
ing region. When a hybrid substrate is employed, Wafer 
bonding, etching and epitaxial groWth such as described, for 
example, Within US. Patent Application No. 2004/0256700 
A1 can be employed. 
[0028] As mentioned above, the semiconductor substrate 
10 illustrated in FIG. 1 includes a top semiconductor layer 16 
and a bottom semiconductor layer 12 that are separated, at 
least in part, by a buried insulating layer 14. 
[0029] The top and bottom semiconductor layers can be 
comprised of the same or different semiconductor material. 
The term “semiconductor material” When used in describing 
the semiconductor substrate 10 comprises any material that 
has semiconductor properties including, but not limited to Si, 
Ge, SiGe, SiC, SiGeC, GaAs, CaN, InAs, InP and all other 
III/V or II/V compound semiconductor. In some embodi 
ments of the present invention, it is preferred that the semi 
conductor material of the semiconductor substrate 1 0 is a 
Si-containing semiconductor material, i.e., a semiconductor 
material that includes silicon. In highly preferred embodi 
ments of the invention, the semiconductor substrate 10 is 
comprised of silicon. 
[0030] The semiconductor substrate 10 may be doped, 
undoped or contain doped and undoped regions therein. For 
clarity, the doped regions are not speci?cally shoWn in the 
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drawings of the present application. Each doped region 
Within the semiconductor substrate 10 may have the same, or 
they may have different conductivities and/ or doping concen 
trations. The doped regions that are present in the semicon 
ductor substrate 10 are typically referred to as Well regions 
and they are formed utiliZing a conventional ion implantation 
process. 
[0031] The buried insulating layer 14 may comprise a crys 
talline or non-crystalline oxide, nitride or oxynitride nitride. 
In some embodiments of the present invention, the buried 
insulating layer 14 is preferably an oxide. 
[0032] The thickness of the various layers of the semicon 
ductor-on-insulator substrate illustrated in FIG. 1 may vary. 
Typically, the top semiconductor layer 16 of the semiconduc 
tor-on-insulator substrate has a thickness from 10 nm to 300 
nm, With a thickness from 25 nm to 50 nm being even more 
typical. The thickness of the buried insulating layer 14 of the 
semiconductor-on-insulator substrate is typically from 40 nm 
to 250 nm, With a thickness from 125 nm to 175 nm being 
even more typical. The thickness of the bottom semiconduc 
tor layer 12, Which may vary, is inconsequential to the inven 
tion described herein. A thinner bottom semiconductor layer 
may be used for 3D integration schemes and for processes 
Where the bottom semiconductor layer is sacri?cial. 
[0033] At this point of the inventive process, isolation 
regions (not shoWn) are optionally formed into the semicon 
ductor substrate 10; the isolation regions are typically used 
When planar FETs are to be formed. The isolation regions 
may be trench isolation regions or ?eld oxide isolation 
regions. Trench isolation regions are formed utiliZing a con 
ventional trench isolation process Well knoWn to those skilled 
in the art. For example, a trench isolation region can be 
formed by lithography, etching, and ?lling a trench With a 
trench dielectric. Optionally, a liner may be formed in the 
trench prior to trench ?ll, a densi?cation process may be 
performed after the trench ?ll and a planariZation process 
may folloW the trench ?ll. Field oxide regions may be formed 
utiliZing a so-called local oxidation of silicon process. Note 
that the isolation regions provide isolation betWeen neighbor 
ing semiconductor devices, typically required When the 
neighboring semiconductor devices have different conduc 
tivities. 

[0034] Next, a blanket layer of hard mask material (not 
shoWn) is formed atop the uppermost surface of the semicon 
ductor substrate 10 shoWn in FIG. 1. The hard mask material 
may comprise an oxide, a nitride, an oxynitride or combina 
tions and multilayers thereof. Illustrative examples of hard 
mask materials include, but are not limited to silicon dioxide 
and/ or silicon nitride. The hard mask may be formed utiliZing 
a conventional deposition process including, but not limited 
to chemical vapor deposition (CVD), plasma enhanced 
chemical vapor deposition (PECVD), atomic layer deposi 
tion (ALD) and chemical solution deposition. Alternatively, 
the hard mask may be formed by a thermal process such as, 
for example thermal oxidation, thermal nitridation and ther 
mal oxynitridation. In some embodiments, the hard mask can 
be formed by a combination of any of the above mentioned 
techniques. 
[0035] The thickness of the hard mask that is formed at this 
point of the present invention may vary depending on the type 
of hard mask material used as Well as the technique that Was 
used for forming the same. Typically, the hard mask has a 
thickness from 10 nm to 60 nm, With a thickness from 20 to 40 
nm being more typical. 
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[0036] Next, and as shoWn in FIG. 2, the structure shoWn in 
FIG. 1 including the blanket layer of hard mask atop the top 
semiconductor layer 16 of the semiconductor substrate 10 is 
patterned utiliZing lithography and etching to provide a struc 
ture including at least three device regions 100, 102, and 104, 
respectively. Each of the device regions 100, 102 and 104 
includes a patterned top semiconductor layer 16' and a pat 
terned hard mask 18. The patterned semiconductor layer 1 6' is 
referred to as the ?n of the FinFET structure being formed. It 
is observed that although three device regions are speci?cally 
shoWn in the draWings, the present invention also contem 
plates cases in Which more than three device regions are 
formed by lithography and etching. Alternatively techniques 
such as, for example, a sideWall spacer as a hard mask, and 
self-assembly may also be employed in the present invention 
to form the ?ns of the patterned device regions. 
[0037] The lithography step used in forming the various 
device regions includes applying a photoresist atop the hard 
mask, exposing the photoresist to a desired pattern of radia 
tion and developing the exposed photoresist utiliZing a con 
ventional resist developer. After resist development, one or 
more etching processes are employed in transferring the pat 
tern from the patterned photoresist to the hard mask and then 
to the underlying top semiconductor layer 16 of the semicon 
ductor substrate 10. The one or more etching steps may 
include dry etching, Wet chemical etching or a combination 
thereof. Examples of suitable dry etching techniques include 
reactive ion etching, plasma etching, ion beam etching or 
laser ablation. In some embodiments, the pattern photoresist 
is removed from the surface of the structure after transferring 
the pattern into the hard mask. In other embodiments, the 
patterned photoresist remains on the structure during the 
transfer of the pattern to the top semiconductor layer 16. In 
either instance, the patterned photoresist is removed utiliZing 
a conventional resist removal process such as, for example, 
ashing. It is noted that the depth of this etch may vary and is 
not limited to the embodiment shoWn in Which the etch stops 
on a surface of the buried insulating layer 14. In some 
embodiments, for example, the etch may be stopped above 
the buried insulating layer 14, While in other embodiments the 
etch may be stopped beloW the buried insulating layer 14. In 
yet other embodiments, the etch may be stopped at various 
depths Within the semiconductor substrate 10. 
[0038] As mentioned above, alternative techniques includ 
ing a sideWall spacer as a hard mask, and self-assembly may 
also be employed in the present invention to form the ?ns of 
the patterned device regions. Those techniques can be used to 
provide sub-lithographic features (e.g., 50 nm or less). The 
sideWall spacer technique includes forming a sacri?cial mate 
rial on the top semiconductor layer, depositing oxide or 
nitride spacers, and removing the sacri?cial material leaving 
behind the spacers. The spacers are then used as a hard mask 
during the etching of the top semiconductor layer. When 
self-assembly is employed, a conventional self-assembly 
block copolymer can be used to provide patterns that are 
sub-lithographic. 
[0039] Each patterned semiconductor layer 16' (herein 
after referred to as semiconductor ?n 16') has a vertical height 
from 10 to 300 nm, With a vertical height from 25 to 50 nm 
being more typical. The Width of each semiconductor ?n 16' 
formed is from 2 to 50 nm, With a Width from 5 to 20 nm being 
more typical. 

[0040] After forming the structure shoWn in FIG. 2, the 
patterned hard mask 18 can optionally be removed from each 
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of the semiconductor ?ns 16' utilizing a conventional Wet or 
dry etching process. In embodiments in Which the patterned 
hard mask 18 is removed, the upper surface of each of the 
semiconductor ?ns 16' in the various device regions is 
exposed. In this case, the exposed surface Would behave as an 
additional gate in the device. 
[0041] An optional interfacial layer (not shoWn) is then 
formed on all the exposed semiconductor surfaces, e.g., on 
sideWalls and optionally a top surface, of each of the semi 
conductor ?ns 16'. The optional interfacial layer is formed 
utiliZing a conventional thermal groWing technique that is 
Well knoWn to those skilled in the art including, for example, 
oxidation or oxynitirdation. When the exposed semiconduc 
tor material, e. g., ?n, is a Si-containing material, the interfa 
cial layer is comprised of silicon oxide, silicon oxynitride, or 
a nitrided silicon oxide. When the exposed semiconductor 
material is other than a Si-containing semiconductor mate 
rial, the interfacial layer may comprise a semiconductor 
oxide, a semiconducting oxynitride or a nitrided semicon 
ducting oxide. 
[0042] The thickness of the interfacial layer is typically 
from 0.1 nm to 1.5 nm, With a thickness from 0.5 to 1.2 nm 
being even more typical. The thickness, hoWever, may be 
different after processing at higher temperatures, Which are 
usually required during ?nFET and CMOS fabrication. 
[0043] In accordance With an embodiment of the invention, 
the interfacial layer is a silicon oxide layer having a thickness 
from 0.5 nm to 0.8 nm that is formed by a Wet chemical 
oxidation. The process step for this Wet chemical oxidation 
includes treating a cleaned surface of a semiconductor mate 
rial (such as a HF-last semiconductor surface) With a mixture 
of ammonium hydroxide, hydrogen peroxide and Water (in a 
1:115 ratio) at 65° C. Alternatively, the interfacial layer can 
also be formed by treating the HF-last semiconductor surface 
in oZonated aqueous solutions, With the oZone concentration 
usually varying from, but not limited to 2 parts per million 
(ppm) to 40 ppm. 
[0044] Next, and as illustrated in FIG. 3, a ?rst threshold 
voltage adjusting layer 20 is formed over the entire surface of 
the structure (With or Without the interfacial layer) shoWn in 
FIG. 2. The term “threshold voltage adjusting layer” as used 
throughout the instant application denotes a material that 
moves the threshold voltage toWards either the nFET or pFET 
band edge. 
[0045] The ?rst threshold voltage layer 20 employed in the 
present invention may include an nFET threshold voltage 
adjusting material or a pFET threshold voltage adjusting 
material. The type of threshold voltage adjusting material 
employed in this step of the invention is dependent on Which 
conductivity type device, e.g., nFinFET or pFinFET, is being 
fabricated in the ?rst device region 100. 
[0046] One example of an nFET threshold voltage adjust 
ing material that can be used in the present invention is a rare 
earth metal-containing material that typically comprises an 
oxide or nitride of at least one element from Group IIIB of the 
Periodic Table of Elements (CAS version) including, for 
example, La, Ce, Pr, Nd, Pm, Sm, Eu, Ga, Tb, Dy, Ho, Er, Tm, 
Yb, Lu or mixtures thereof. In some embodiments, a rare 
earth metal (e.g., a metal from Group IIIB of the Periodic 
Table of Elements) can be used. Preferably, the rare earth 
metal-containing material comprises an oxide or La, Ce, Y, 
Sm, Er and/or Tb, With La2O3 or LaN being more preferred. 
[0047] The rare earth metal or rare earth metal-containing 
material is formed utiliZing a conventional deposition process 
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including, for example, evaporation, molecular beam depo 
sition, metalorgano chemical vapor deposition (MOCVD), 
atomic layer deposition (ALD), physical vapor deposition 
(PVD) and other like deposition processes. In some embodi 
ments of the invention, ALD is highly preferred in forming 
the rare earth metal or the rare earth metal-containing mate 
rial. 
[0048] In one embodiment of the present invention, the rare 
earth metal-containing material is formed by placing the 
structure shoWn in FIG. 2 into the load-lock of a molecular 
beam deposition chamber, folloWed by pumping this cham 
ber doWn to the range of 10'5 to 10'8 Torr. After these steps, 
the structure is inserted, Without breaking vacuum into the 
groWth chamber Where the rare earth metal-containing mate 
rial such as La oxide is deposited by directing atomic/mo 
lecular beams of the rare earth metal and oxygen or nitrogen 
onto the structure’s surface. Speci?cally, because of the loW 
pressure of the chamber, the released atomic/molecular spe 
cies are beamlike and are not scattered prior to arriving at the 
structure. A substrate temperature of about 3000 C. is used. In 
the case of La2O3 deposition, the La evaporation cell is held in 
the temperature range of 14000 to 17000 C., and a How rate of 
1 to 3 sccm of molecular oxygen is used. Alternatively, atomic 
or excited oxygen may be used as Well, and this can be created 
by passing the oxygen through a radio frequency source 
excited in the range of 50 to 600 Watts. During the deposition, 
the pressure Within the chamber can be in the range from 
1><10_5 to 8x10‘5 Torr, and the La oxide groWth rate can be in 
the range from 0.1 to 2 nm per minute, With a range from 0.5 
to 1.5 nm being more typical. 
[0049] Another example of an nFET threshold voltage 
adjusting material that can be used in the present invention is 
an alkaline earth metal-containing material that comprises a 
compound having the formula MA,C Wherein M is an alkaline 
earth metal (Be, Mg, Ca, Sr, and/or Ba), A is one of O, S and 
a halide, and x is 0, 1 or 2. It is noted that the present invention 
contemplates alkaline earth metal-containing compounds 
that include a mixture of alkaline earth metals and/or a mix 
ture of anions, such as an oxychloride. Examples of alkaline 
earth metal-containing compounds that can be used in the 
present invention include, but are not limited to MgO, MgS, 
MgF2, MgCl2, MgBr2, MgI2, CaO, CaS, CaF2, CaCl2, CaBr2, 
CaI2, SrO, SrS, SrF2, SrCI2, SrBr2, SrI2, BaO, BaS, BaF2, 
BaCl2, BaBr2, and BaI2. In one preferred embodiment of the 
present invention, the alkaline earth metal-containing com 
pound includes Mg. MgO is a highly preferred alkaline earth 
metal-containing material employed in the present invention. 
[0050] The alkaline earth metal-containing material is 
formed utiliZing a conventional deposition process including, 
for example, sputtering from a target, reactive sputtering of an 
alkaline earth metal under oxygen plasma conditions, elec 
troplating, evaporation, molecular beam deposition, 
MOCVD, ALD, PVD and other like deposition processes. 
[0051] In addition to nF ET threshold voltage adjusting 
materials, the ?rst threshold voltage adjusting layer 20 can 
alternatively be a pFET threshold voltage adjusting material. 
Examples of pFET threshold voltage adjusting materials 
include Al (and its compounds that are non-conductive such 
as, for example Al2O3), Ge (and its compounds that are non 
conductive such as, for example GeOZ), and non-conductive 
compounds of Ti and Ta such as, TiO2 and Ta2O5, respec 
tively. 
[0052] The pFET threshold voltage adjusting materials are 
formed utiliZing conventional deposition processes Well 



US 2010/0320545 A1 

known to those skilled in the art including, but not limited to 
chemical vapor deposition (CVD), plasma enhanced chemi 
cal vapor deposition (PECVD), chemical solution deposition, 
atomic layer deposition (ALD), physical vapor deposition, 
sputtering and plating. 
[0053] Notwithstanding the type of material used as the 
?rst threshold voltage adjusting layer 20, the ?rst threshold 
voltage adjusting layer 20 has a thickness from 0.1 to 5.0 nm, 
With a thickness from 0.3 to 2.0 nm being even more typical. 

[0054] Next, and as illustrated in FIG. 4, the ?rst threshold 
voltage adjusting layer 20 is patterned to be located only 
Within one of the device regions. In the embodiment illus 
trated in the draWings, the ?rst threshold voltage adjusting 
layer 20 is patterned to be only present Within the ?rst device 
region 100. This patterning step of the present invention is 
achieved by forming a block mask over the ?rst device region 
100 and then selectively removing via etching the ?rst thresh 
old voltage adjusting layer 20 from the second device region 
102 and the third device region 104. The selective removal of 
the ?rst threshold adjusting layer 20 from unWanted device 
regions includes a Wet chemical etching process Which 
removes the ?rst threshold voltage adjusting layer 20 selec 
tive to the underlying layers including, for example, the bur 
ied insulating layer 14, the semiconductor ?n 16' and the 
patterned hard mask 18. An example of a Wet chemical 
etchant that can be used to selectively remove the ?rst voltage 
threshold adjusting layer 20 from the second device region 
102 and the third device region 14 is HCl, ammonium hydrox 
ide, HF and a mixture of ammonium hydroxide, hydrogen 
peroxide and Water. After the selective removal step, the block 
mask is removed from the structure utiliZing a conventional 
stripping process Well knoWn to those skilled in the art. 
[0055] In some embodiments of the present invention, an 
optional threshold voltage adjusting layer (not shoWn) can be 
formed on the structure shoWn in FIG. 4 and then patterned 
such that the optional threshold voltage adjusting layer is 
present in device regions not including the ?rst threshold 
voltage adjusting material. The optional threshold voltage 
adjusting layer includes either an nFET threshold voltage 
adjusting material or pFET threshold voltage adjusting mate 
rial Which is opposite to the type of material used for the ?rst 
threshold voltage adjusting layer 20. That is, When the ?rst 
voltage threshold adjusting layer 20 is an nFET threshold 
voltage adjusting material, the threshold voltage adjusting 
layer is a pFET threshold voltage adjusting material. 
[0056] The optional threshold voltage adjusting layer is 
formed utiliZing the techniques mentioned above for the ?rst 
threshold voltage adjusting layer 20, patterned as described 
above, and the thickness of the optional threshold voltage 
adjusting layer is Within the thickness regime mentioned for 
the ?rst threshold voltage adjusting layer 20 as Well. 
[0057] In other embodiments of the invention, and When the 
?rst or optional threshold voltage material is an nFET thresh 
old voltage material, the inventive method can be modi?ed 
such that the nFET threshold voltage adjusting material 
remains Within a pFET device region. 
[0058] Next, a gate dielectric 22 is formed Within each of 
the device regions 100, 102, and 104, respectively shoWn in 
FIG. 4 to provide the structure shoWn in FIG. 5. It is observed 
that the ?rst threshold voltage adjusting layer 20 and, if 
present, the optional threshold voltage adjusting layer, are 
located beneath the gate dielectric 22. 
[0059] The gate dielectric 22 may comprise an oxide, a 
nitride and/or an oxynitride. In one embodiment of the inven 
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tion, a dielectric material having a dielectric constant, as 
measured in vacuum, of about 4.0 or less, such as, for example 
silicon dioxide is employed as the gate dielectric 22. In 
another embodiment of the invention, a dielectric material 
having a dielectric constant of greater than 4.0, typically 
greater than 10, as measured in vacuum, is used as gate 
dielectric 22. 
[0060] Examples of such dielectric materials having a 
dielectric constant of greater than 4.0 include, but are not 
limited to silicon nitride, silicon oxynitride, metal oxides, 
metal nitrides, metal oxynitrides and/ or metal silicates. In one 
embodiment, the gate dielectric 22 is comprised of HfO2, 
ZrO2, A1203, TiO2, La2O3 SrTiO3, LaAlO3 YZO3 and multi 
layered stacks therof. In another embodiment of the inven 
tion, the gate dielectric 22 is a Hf-based gate dielectric includ 
ing HfO2, hafnium silicate and hainium silicon oxynitirde. 
[0061] The gate dielectric 22 can be formed utiliZing a 
thermal groWth process such as, for example, oxidation, nitri 
dation or oxynitridation. Alternatively, the gate dielectric 22 
can be formed by a deposition process including, but not 
limited to CVD, PECVD, MOCVD, ALD, evaporation, reac 
tive sputtering and chemical solution deposition. The gate 
dielectric 22 may also be formed utiliZing any combination of 
the aforementioned processes. 
[0062] The thickness of the as deposited gate dielectric 22 
may vary depending on the dielectric material employed as 
Well as the process used to form the same. Typically, the 
thickness of the as deposited gate dielectric 22 is from 0.5 nm 
to 20 nm, With a thickness from 1 nm to 10 nm being even 
more typical. 
[0063] Next, and as shoWn in FIG. 6, a second voltage 
adjusting layer 24 is formed on the gate dielectric 22. The 
second voltage adjusting layer 24 is then patterned, as shoWn 
in FIG. 7, such that it is present in one of the device regions not 
including the ?rst threshold voltage adjusting layer. In the 
illustrated embodiment, the second voltage adjusting layer 24 
is patterned to be present Within the third device region 104. 
In such an embodiment, the optional threshold voltage layer 
may be present Within the second device region 102. The 
second threshold voltage adjusting layer 24 includes either an 
nFET threshold voltage adjusting material or pFET threshold 
voltage adjusting material Which is opposite to the type of 
material used for the ?rst threshold voltage adjusting layer 20. 
That is, When the ?rst voltage threshold adjusting layer 20 is 
an nFET threshold voltage adjusting material, the second 
threshold voltage adjusting layer 24 is a pFET threshold 
voltage adjusting material. 
[0064] The second threshold voltage adjusting layer 24 is 
formed utiliZing the techniques mentioned above for the ?rst 
threshold voltage adjusting layer 20, and the thickness of the 
second threshold voltage adjusting layer 24 is Within the 
thickness regime mentioned for the ?rst threshold voltage 
adjusting layer 20 as Well. 
[0065] Next, and as shoWn in FIG. 8, a gate conductor 26 is 
formed on the structure shoWn in FIG. 7, e.g., atop the gate 
dielectric 22 in the ?rst device region 100 and the second 
device region 102, and atop the second voltage adjusting layer 
24 in the third device region 104. The gate conductor 26 is 
comprised of any conductive material including, but not lim 
ited to polysilicon, SiGe, an elemental metal, an alloy includ 
ing an elemental metal, a metal silicide, a metal nitride or any 
combination thereof including multilayers. Examples of 
elemental metals that can be used as the gate conductor 26 
include metals from Group VIB, VIIB andVIII of the Periodic 



US 2010/0320545 A1 

Table of Elements (CAS version). The thickness of the gate 
conductor 26 may vary, With typical thicknesses being from 
20 nm to 200 nm. More typically, the thickness of the gate 
conductor 26 is from 50 nm to 150 nm. 

[0066] The gate conductor 26 is formed utilizing conven 
tional techniques Well known to those skilled in the art. When 
a silicide is formed, a conventional silicidation process can be 
used to form the same. The silicidation process can provide a 
fully silicided gate or a partially silicided gat including a top 
silicide layer and a bottom metal layer. 
[0067] Next, and as shoWn in FIG. 9A, a Si-containing 
material 28 such as polysilicon, single crystal single, amor 
phous silicon, and SiGe, is conformally formed on the 
exposed upper surface of the gate conductor 26. The Si 
containing material 28 can be formed utiliZing a conventional 
deposition process including, but not limited to epitaxial 
groWth, CVD, PECVD, and ALD. The thickness of the Si 
containing material 28 may vary depending on the technique 
used to form the same. 

[0068] At this point of the present invention conventional 
processes canbe performed to complete the devices in each of 
the device regions. For example, source/drain regions can be 
formed via ion implantation and annealing, raised source/ 
drain regions can be formed, silicide contacts can be formed 
at least atop the source/drain regions, a middle-of-the line 
(MOL) interconnect structure can be formed including a 
MOL dielectric containing a via ?lled With a contact metal, 
and a back-end-of-the-line (BEOL) structure can be formed 
including a BEOL dielectric having conductively ?lled lines 
and/ or vias located therein. The details concerning these pro 
ces ses that are performed after providing the structure shoWn 
in FIG. 9 are not provided so as to not obscure the present 
invention. 
[0069] It is noted that a replacement gate process can be 
used instead of the processing mentioned above in forming 
the gate structure. 
[0070] In another embodiment of the present invention, the 
structure shoWn in FIG. 8 is ?rst formed and thereafter a 
blanket layer of a Si-containing material 28' is deposited and 
then subjected to a planariZation process, such as chemical 
mechanical polishing and/or grinding, providing the structure 
shoWn in FIG. 9B. The Si-containing material 28' shoWn in 
FIG. 9B includes one of the Si-containing materials 28 
described above in regard to FIG. 9A. 
[0071] In some embodiments of the present invention, an 
annealing step and removal of the Si-containing material, the 
gate conductor and the residual threshold voltage adjusting 
layers that are located atop the gate dielectric is then per 
formed on the structure shoWn in either FIG. 9A or 9B pro 
viding the structure shoWn in FIG. 10. In FIG. 10, threshold 
voltage adjustment of the devices is achieved by diffusing the 
threshold voltage adjusting species from the threshold volt 
age adjusting layers into the remaining gate stack. In FIG. 10, 
the threshold voltage adjusted gate stacks are labeled as 30, 32 
and 34. The diffused threshold voltage adjusting species may 
reside in the gate dielectric, remaining as a threshold voltage 
adjusting layer that is present beneath the gate dielectric, the 
interfacial layer, a top portion of the substrate or any combi 
nation thereof. 
[0072] When the structure shoWn in FIG. 10 is formed, 
annealing is typically performed at a temperature from 900° 
C. to 13000 C., With a temperature from 10000 C. to about 
1 100° C. being even more typical. The annealing may include 
a thermal anneal, a rapid thermal anneal or a laser anneal. The 
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annealing that causes the diffusion of the threshold voltage 
adjusting species from the various threshold voltage adjusting 
layers is performed in an inert ambient including for example, 
helium, neon, argon or any mixtures thereof. After annealing, 
and as stated above, the Si-containing material, the gate con 
ductor, and the various threshold voltage adjusting layers are 
removed stopping on the gate dielectric 22 utiliZing one or 
more etching steps that selectively remove those layers from 
the gate stack. 
[0073] After providing the structure shoWn FIG. 10, a 
single metal gate electrode 36 is formed on the threshold 
voltage adjusted gate stacks 30, 32, and 34 folloWed by the 
deposition of another Si-containing material 38 (see FIG. 11). 
The single metal gate electrode 36 may include an elemental 
metal, an alloy including an elemental metal or metal nitride 
from Group VIB, VIIB and VII of the Periodic Table of 
Elements. The another Si-containing material 38 may com 
prise a conformal Si-containing material layer as shoWn in 
FIG. 9A or a blanket and planariZed Si-containing material as 
shoWn in FIG. 9B. In FIG. 10, the later is shoWn. In this 
embodiment of the invention, a structure is provided that 
includes one device region including a ?rst threshold voltage 
adjusted gate stack atop a semiconductor substrate, said ?rst 
threshold voltage adjusted gate stack including a gate dielec 
tric located on a surface of the semiconductor substrate, 
Wherein a ?rst threshold voltage adjusting species is present 
Within the gate dielectric, a threshold voltage adjusting layer 
located beneath the gate dielectric, betWeen the gate dielectric 
and the semiconductor substrate, and/ or Within the substrate; 
and another device region including a second threshold volt 
age adjusted gate stack atop a semiconductor substrate, said 
second threshold voltage adjusted gate stack including a gate 
dielectric located on a surface of the semiconductor substrate, 
Wherein a second threshold voltage adjusting species is 
present Within the gate dielectric, a threshold voltage adjust 
ing layer located beneath the gate dielectric, betWeen the gate 
dielectric and the semiconductor substrate, and/ or Within the 
substrate. 
[0074] 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 fabricating a semiconductor structure com 

prising: 
providing a semiconductor substrate including at least a 

?rst device region, a second device region and a third 
device region; 

forming a ?rst thresholdvoltage adjusting layer Within said 
?rst device region, said ?rst threshold voltage adjusting 
layer being absent from said second and third device 
regions and including one of an nFET threshold voltage 
adjusting material or a pFET threshold voltage adjusting 
material; 

forming a gate dielectric Within said ?rst device region, 
said second device region and said third device region; 

forming a second threshold device layer Within either said 
second or third device regions, yet absence from said 
?rst device region, said second threshold voltage adjust 
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ing layer is the other of said nFET threshold voltage 
adjusting material or the pFET threshold voltage adjust 
ing material; and 

forming a gate conductor Within said ?rst, second and third 
device regions. 

2. The method of claim 1 Wherein said semiconductor 
substrate is a bulk semiconductor substrate or a semiconduc 
tor-on-insulator substrate including a top semiconductor 
layer located on a buried insulating layer, said top semicon 
ductor layer is patterned to form at least one semiconductor 
?ns Within each of the device regions. 

3. The method of claim 1 Wherein said ?rst threshold volt 
age adjusting layer is an nF ET threshold voltage adjusting 
material. 

4. The method of claim 3 Wherein said nFET threshold 
voltage adjusting material is a Group lllB rare earth metal or 
a rare earth metal-containing material that comprises an oxide 
or nitride of at least one element from Group lllB of the 
Periodic Table of Elements. 

5. The method of claim 4 Wherein said Group lllB element 
is one of La, Ce, Y, Sm, Er and Th. 

6. The method of claim 3 Wherein said nFET threshold 
voltage adjusting material is an alkaline earth metal contain 
ing material that comprises a compound of the formula MA,C 
Wherein M is an alkaline earth metal, A is one of O, S and a 
halide, and X is 0, l or 2. 

7. The method of claim 1 Wherein said pFET threshold 
voltage adjusting material includes Al, A1203, Ge, GeO2, 
non-conductive compounds of Ti, or non-conductive com 
pounds of Ta. 

8. The method of claim 1 Wherein said gate dielectric is a 
dielectric material having a dielectric constant of greater than 
4.0. 

9. The method of claim 1 Wherein said gate conductor 
comprises polySi, SiGe, an elemental metal, an alloy of an 
elemental metal or a silicide of an elemental metal. 

10. The method of claim 1 further comprising forming a 
Si-containing material Within each of the device regions. 

11. The method of claim 1 further comprising forming 
another threshold voltage adjusting layer in at least one of 
said second device region or said third device region, but not 
said ?rst device region, prior to forming the gate dielectric. 

12. The method of claim 10 further comprising the steps of: 
annealing to cause diffusion of threshold voltage adjusting 

species from the ?rst and second threshold adjusting 
layers into, or beneath the gate dielectric; 

removing the Si-containing material, the gate conductor, 
and the ?rst and second threshold voltage adjusting lay 
ers; 

forming a single metal gate electrode; and 
forming another Si-containing material atop the single 

metal gate electrode. 
13. A method of fabricating a semiconductor structure 

comprising: 
providing a semiconductor substrate including at least a 

?rst device region, a second device region and a third 
device region, each device region including at least one 
semiconductor ?n; 

forming a ?rst threshold voltage adjusting layer Within said 
?rst device region, said ?rst threshold voltage adjusting 
layer being absent from said second and third device 
regions and including one of an nFET threshold voltage 
adjusting material or a pFET threshold voltage adjusting 
material; 
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forming a gate dielectric Within said ?rst device region, 
said second device region and said third device region; 

forming a second threshold voltage adjusting layer Within 
either said second or third device regions, yet absence 
from said ?rst device region, said second threshold volt 
age adjusting layer is the other of said nFET threshold 
voltage adjusting material or the pFET threshold voltage 
adjusting material; 

forming a gate conductor Within said ?rst, second and third 
device regions; and 

forming a Si-containing material atop said gate conductor 
in each of the device regions. 

14. The method of claim 13 further comprising the steps of: 
annealing to cause diffusion of threshold voltage adjusting 

species from the ?rst and second threshold adjusting 
layers into, or beneath the gate dielectric; 

removing the Si-containing material, the gate conductor, 
and the ?rst and second threshold voltage adjusting lay 
ers; 

forming a single metal gate electrode; and 
forming another Si-containing material atop the single 

metal gate electrode. 
15. A semiconductor structure comprising: 
a ?rst device region including a ?rst threshold voltage 

adjusting layer located atop a semiconductor substrate, a 
gate dielectric located atop the ?rst threshold voltage 
adjusting layer, and a gate conductor located atop the 
gate dielectric; 

a second device region including a gate dielectric located 
atop the semiconductor substrate, and a gate conductor 
located atop the gate dielectric; and 

a third device region including a gate dielectric located 
atop the semiconductor substrate, a second threshold 
voltage adjusting layer located atop the gate dielectric, 
and a gate conductor located atop the second threshold 
voltage adjusting layer, Wherein 

said ?rst threshold voltage adjusting layer includes one of 
an nF ET threshold voltage adjusting material or a pEET 
threshold voltage adjusting material and said second 
threshold voltage adjusting layer is the other of said 
nF ET threshold voltage adjusting material or the pFET 
threshold voltage adjusting material. 

16. The semiconductor structure of claim 15 Wherein said 
semiconductor substrate is a semiconductor-on-insulator 
substrate including a plurality of semiconductor ?ns located 
on a surface of a buried insulating layer. 

17. The semiconductor structure of claim 15 Wherein said 
?rst threshold voltage adjusting layer is an nFET threshold 
voltage adjusting material. 

18. The semiconductor structure of claim 17 Wherein said 
nFET threshold voltage adjusting material is a Group lllB 
rare earth metal or a rare earth metal-containing material that 
comprises an oxide or nitride of at least one element from 
Group lllB of the Periodic Table of Elements. 

19. The semiconductor structure of claim 17 Wherein said 
nFET threshold voltage adjusting material is an alkaline earth 
metal containing material that comprises a compound of the 
formula MA,C Wherein M is an alkaline earth metal, A is one of 
O, S and a halide, and X is 0, l or 2. 

20. The semiconductor structure of claim 15 Wherein said 
pFET threshold voltage adjusting material includes Al, 
A1203, Ge, GeO2, non-conductive compounds of Ti, or non 
conductive compounds of Ta. 
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21. The semiconductor structure of claim 15 Wherein said 
gate dielectric is a dielectric material having a dielectric con 
stant of greater than 4.0. 

22. The semiconductor structure of claim 15 Wherein said 
gate conductor comprises polySi, SiGe, an elemental metal, 
an alloy of an elemental metal or a silicide of an elemental 
metal. 

23. The semiconductor structure of claim 15 further com 
prising a Si-containing material Within each of the device 
regions. 

24. The semiconductor structure of claim 15 further com 
prising another threshold voltage adjusting layer located 
beneath the gate dielectric in at least one of the device regions 
not including the ?rst threshold voltage adjusting layer 

25. A semiconductor structure comprising: 
one device region including a ?rst threshold voltage 

adjusted gate stack atop a semiconductor substrate, said 
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?rst threshold voltage adjusted gate stack including a 
gate dielectric located on a surface of the semiconductor 
substrate, Wherein a ?rst threshold voltage adjusting 
species is present Within the gate dielectric, a threshold 
voltage adjusting layer located beneath the gate dielec 
tric, betWeen the gate dielectric and the semiconductor 
substrate, and/or Within the substrate; and 

another device region including a second threshold voltage 
adjusted gate stack atop a semiconductor substrate, said 
second threshold voltage adjusted gate stack including a 
gate dielectric located on a surface of the semiconductor 
substrate, Wherein a second threshold voltage adjusting 
species is present Within the gate dielectric, a threshold 
voltage adjusting layer located beneath the gate dielec 
tric, betWeen the gate dielectric and the semiconductor 
substrate, and/or Within the substrate. 

* * * * * 


