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(57) ABSTRACT 

A method for forming a transistor including a self aligned 
metal gate is provided. According to various method 
embodiments, a high-k gate dielectric is formed on a sub 
strate and a sacri?cial carbon gate is formed on the gate 
dielectric. Sacri?cial carbon sideWall spacers are formed 
adjacent to the sacri?cial carbon gate, and source/drain 
regions for the transistor are formed using the sacri?cial 
carbon sideWall spacers to de?ne the source/drain regions. 
The sacri?cial carbon sideWall spacers are replaced With 
non-carbon sideWall spacers, and the sacri?cial carbon gate 
is replaced With a desired metal gate material to provide the 
desired metal gate material on the gate dielectric. Various 
embodiments form source/drain extensions after removing 
the carbon sideWall spacers and before replacing With non 
carbon sideWall spacers. An etch barrier is used in various 
embodiments to separate the sacri?cial carbon gate from the 
sacri?cial carbon sideWall spacers. Other aspects and 
embodiments are provided herein. 
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SELF ALIGNED METAL GATES ON HIGH-K 
DIELECTRICS 

[0001] This application is a divisional of US. application 
Ser. No. 11/216,375, ?led Aug. 31, 2005, Which is incorpo 
rated herein by reference. 

TECHNICAL FIELD 

[0002] This disclosure relates generally to integrated cir 
cuits, and more particularly, to transistor structures and 
methods of formation. 

BACKGROUND 

[0003] Many integrated circuits include a metal-oxide 
semiconductor ?eld-effect transistor, or “MOSFET” for 
short, Which includes a gate, a source, a drain, and a body. 
An issue in MOSFET design involves the structure and 
composition of its gate. Some early MOSFET designs 
included aluminum gates, and later MOSFET designs used 
polysilicon gates because of the desire for a self-aligned 
gate, the tendency of aluminum to diffuse through the 
underlying insulative layer, and because of problems that the 
relatively loW melting temperature of aluminum caused With 
annealing processes. Polysilicon can be doped to act as a 
conductor, but With signi?cantly more electrical resistance 
than aluminum. This higher resistance can be ameliorated 
someWhat by silicidation. HoWever, the higher resistance of 
even the salicided polysilicon gates combines With inherent 
integrated-circuit capacitances to cause signi?cant delays in 
conducting signals from one circuit point to another, ulti 
mately limiting hoW fast integrated circuits operate. 

[0004] Currently, the semiconductor industry relies on the 
ability to reduce or scale the dimensions of the basic 
components, including the gate dielectric, of its transistor 
devices to obtain loWer poWer consumption and higher 
performance. To reduce transistor siZe, the thickness of the 
gate dielectric is reduced in proportion to the shrinkage of 
the gate length. Increased scaling and other requirements in 
microelectronic devices have created the need to use other 
dielectric materials as gate dielectrics, in particular dielec 
trics With higher dielectric constants (k) to replace the 
conventional use of various combinations of SiO2, Si3N4 
and SiON. Practical higher dielectric constant (k) materials 
have the properties of high permittivity, thermal stability, 
high ?lm and surface quality and smoothness, loW hysteresis 
characteristics, loW leakage current density, and long term 
reliability. HoWever, polysilicon gates and high-k dielectric 
materials have interface instability issues. 

[0005] Scaling of transistors also requires shalloW, dif? 
cult-to-form, source/drain extensions. In some conventional 
processes, source/drain extensions are formed, and then 
sideWall spacers are used to de?ne the source/drain regions. 
The subsequent high-dose implant and high-temperature 
anneal of the source/drain regions can negatively impact the 
lightly doped source/drain extensions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] FIGS. 1A-1D illustrate a process for forming a self 
aligned metal gate for a transistor structure, according to 
various embodiments of the present subject matter. 

[0007] FIG. 2 illustrates an embodiment of a method for 
forming a self aligned metal gate on high-k gate dielectrics. 
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[0008] FIG. 3 illustrates a Wafer, upon Which the transis 
tors With self aligned metal gates can be fabricated accord 
ing to embodiments of the present subject matter. 

[0009] FIG. 4 illustrates a simpli?ed block diagram of a 
high-level organiZation of an electronic system that includes 
the transistor With the self aligned metal gate, according to 
various embodiments. 

[0010] FIG. 5 illustrates a simpli?ed block diagram of a 
high-level organiZation of an electronic system that includes 
transistors With self aligned metal gates, according to vari 
ous embodiments. 

DETAILED DESCRIPTION 

[0011] The folloWing detailed description refers to the 
accompanying draWings Which shoW, by Way of illustration, 
speci?c aspects and embodiments in Which the present 
invention may be practiced. The various embodiments are 
not necessarily mutually exclusive, as aspects of one 
embodiment can be combined With aspects of another 
embodiment. Other embodiments may be utiliZed and struc 
tural, logical, and electrical changes may be made Without 
departing from the scope of the present invention. In the 
folloWing description, the terms “Wafer” and “substrate” are 
used interchangeably to refer generally to any structure on 
Which integrated circuits are formed, and also to such 
structures during various stages of integrated circuit fabri 
cation. Both terms include doped and undoped semiconduc 
tors, epitaxial layers of a semiconductor on a supporting 
semiconductor or insulating material, combinations of such 
layers, as Well as other such structures that are knoWn in the 
art. The terms “horizontal” and “vertical”, as Well as prepo 
sitions such as “on”, “over” and “under” are used in relation 
to the conventional plane or surface of a Wafer or substrate, 
regardless of the orientation of the Wafer or substrate. 
References to “an”, “one”, or “various” embodiments in this 
disclosure are not necessarily to the same embodiment, and 
such references contemplate more than one embodiment. 
The folloWing detailed description is, therefore, not to be 
taken in a limiting sense, and the scope of the present 
invention is de?ned only by the appended claims, along With 
the full scope of equivalents to Which such claims are 
entitled. 

[0012] Disclosed herein, among other things, is a transis 
tor device structure With a self aligned metal gate in contact 
With a high-k dielectric. A self aligned metal gate structure 
is formed on a high-k gate dielectric by the replacement of 
amorphous carbon gates With metals. A planar transistor 
structure is formed With a carbon gate, the carbon is 
removed by plasma oxidation, and is replaced by a metal 
gate. Disposable carbon sideWall spacers are also used to 
ensure the formation of shalloW lightly doped source/drain 
extensions. 

[0013] Those of skill in the art Will understand that the 
term high-k dielectric refers to a dielectric material having 
a dielectric constant greater than that of silicon dioxide. That 
is, a high-k dielectric has a dielectric constant greater than 
4. A transistor device structure With a high-k gate dielectric 
and a self-aligned metal gate increases the capacitance and 
reduces the resistance of integrated circuits, Which is useful 
for nanoscale integrated circuits. Additionally, the transistor 
device disclosed herein is capable of being manufactured 
With gates engineered to have differing Work functions. 
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Thus, in CMOS designs, a transistor metal gate is able to 
provide a desired Work function (Within 0.2 eV of the EC of 
silicon) for NMOS devices and a desired Work function 
(Within 0.2 eV of the EV of silicon) for PMOS devices. 

[0014] The self aligned metal gates replace a sacri?cial 
carbon gate formed on a high-k gate dielectric. Various 
embodiments replace the sacri?cial carbon gate With alumi 
num (Al), tungsten (W), molybdenum (Mo), gold (Au), 
silver (Ag), gold alloy, silver alloy, copper (Cu), platinum 
(Pt), rhenium (Re), ruthenium (Ru), rhodium (Rh), nickel 
(Ni), osmium (Os), palladium (Pd), iridium (Ir), cobalt (Co), 
germanium (Ge) or metallic nitrides such as WN, TiN or 
TaN covered by metals. 

[0015] Various embodiments provide the self aligned gate 
on high-k dielectrics such as AlOX, LaAlO3, HfAlO3, Pr2O3 
based lanthanide oxide, HfSiON, ZriSniTi4O, ZrON, 
HfOZ/Hf, ZrAlXOY, ZrTiO4, Zr-doped Ta oxide, HfOZi 
Si3N4, lanthanide oxide, TiAlOX, LaAlOX, La2Hf2O7, 
HfTaO amorphous lanthanide doped TiOX, TiO2, HfO2, 
CrTiO3, ZrO2, Y2O3, Gd2O3, praseodymium oxide, amor 
phous ZrOXNY, YiSiiO, LaAlO3, amorphous lanthanide 
doped TiOX, HfO2/La2O3 nanolaminates, La2O3/Hf2O3 
nanolaminates, HfOZ/ZrO2 nanolaminates, lanthanide oxide/ 
Zirconium oxide nanolaminates, lanthanide oxide/hafnium 
oxide nanolaminates, TiOZ/CeO2 nanolaminates, PrOX/ZrO2 
nanolaminates, Hf3N4/HfO2 nanolaminates, and Zr3N4/ZrO2 
nanolaminates. 

Device Structure 

[0016] FIGS. 1A-1D illustrate a process for forming a self 
aligned metal gate for a transistor structure, according to 
various embodiments of the present subject matter. FIG. 1A 
illustrates a substrate 101 With a high-k gate dielectric 110 
formed thereon. The substrate 101 can be a semiconductor 
Wafer as Well as structures having one or more insulative, 

semi-insulative, conductive, or semiconductive layers and 
materials. Thus, for example, the substrate can include 
silicon-on-insulator, silicon-on-sapphire, and other struc 
tures upon Which semiconductor devices are formed. 

[0017] In various embodiments, the high-k gate dielectric 
110 layer includes a dielectric such as AlOX, LaAlO3, 
HfAlO3, Pr2O3-based lanthanide oxide, HfSiON, ZriSni 
Ti4O, ZrON, HfOZ/Hf, ZrAlXOY, ZrTiO4, Zr-doped Ta 
oxide, HfO2iSi3N4, lanthanide oxide, TiAlOX, LaAlOX, 
La2Hf2O7, HfTaO amorphous lanthanide doped TiOX, TiO2, 
HfO2, CrTiO3, ZrO2, Y2O3, Gd2O3, praseodymium oxide, 
amorphous ZrOXNY, YiSi4O, LaAlO3, amorphous lan 
thanide-doped TiOX, HfO2/La2O3 nanolaminates, La2O3/ 
Hf2O3 nanolaminates, HfOZ/ZrO2 nanolaminates, lanthanide 
oxide/Zirconium oxide nanolaminates, lanthanide oxide/ 
hafnium oxide nanolaminates, TiO2/CeO2 nanolaminates, 
PrOX/ZrO2 nanolaminates, Hf3N4/HfO2 nanolaminates, 
Zr3N4/ZrO2 nanolaminates, and the like. The use of the 
high-k dielectric increases the capacitance, Which is useful 
for nanoscale integrated circuits. 

[0018] In FIG. 1A, a sacri?cial gate 103 is formed of 
amorphous carbon on the high-k gate dielectric 110. In 
various embodiments, an etch barrier 108 is formed over the 
sacri?cial gate and the dielectric. The etch barrier 108 
includes silicon nitride or aluminum oxide, and can be 
formed using a deposition process, according to various 
embodiments. Sacri?cial sideWall spacers 106 are added 
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adjacent the sacri?cial gate 103. In various embodiments, 
the spacers 106 are formed of amorphous carbon by depo 
sition and conventional direct etch techniques. An ion 
implantation 130 and high temperature anneal are used to 
form source/drain regions 102 in areas de?ned by the 
sacri?cial sideWall spacers 106. These annealing tempera 
tures can pose problems for aluminum gates and other metal 
gates that have melting temperatures less than the anneal 
temperature for the source/drain regions. 

[0019] In FIG. 1B, the sacri?cial sideWall spacers (106 in 
FIG. 1A) have been removed. Various embodiments use a 
plasma oxidation process to remove the sacri?cial sideWall 
spacers. In addition, the etch barrier (108 in FIG. 1A) has 
been removed. In various embodiments, a light dose ion 
implantation 140 is used to form source/drain extensions 
142 in the substrate 101. The extensions 142 can be annealed 
at loWer temperatures and in shorter times than the more 
heavily doped source/drain regions 102. According to vari 
ous embodiments, forming source/drain extensions for the 
transistor includes doping the substrate to a depth of 30 nm 
or less. 

[0020] In FIG. 1C, conventional, or non-carbon, sideWall 
spacers 156 are formed and the Whole structure is back ?lled 
With an oxide ?ll 158, such as silicon dioxide, and pla 
nariZed. A planariZation procedure, such as chemical-me 
chanical polishing, can be used to provide an even surface. 
In various embodiments, the conventional sideWall spacers 
are formed With silicon nitride. 

[0021] In FIG. 1D, the sacri?cial gate (103 in FIG. 1C) is 
removed and replaced by the deposition of a metal layer 160. 
In various embodiments, the sacri?cial gate is removed 
using a plasma oxidation process. Various deposition pro 
cesses, such as evaporation, sputtering or chemical vapor 
deposition, may be used to form the metal layer 160. The 
structure is planariZed (not shoWn) using a planariZation 
procedure, such as chemical-mechanical polishing, resulting 
in the self aligned metal gate over the high-k gate dielectric 
insulator 110. Drain and source contacts (not shoWn) can be 
formed, as Well as interconnects to other transistors or 
components, using conventional techniques. Another heat 
treatment may occur after packaging the integrated circuit in 
a protective housing in an attempt to minimiZe the resistivity 
of the metal gate contacts and other metal interconnections. 

[0022] The metal gate replacement technique, as disclosed 
herein, can be applied to MOS devices, as generally illus 
trated in FIG. 1, as Well as to form metal ?oating gates 
and/or metal control gates in nonvolatile devices. Addition 
ally, various high-k dielectrics can be used betWeen the 
?oating gate and the substrate, and betWeen the control gate 
and the ?oating gate in these nonvolatile devices. 

[0023] Thus, FIGS. 1A-1D illustrate tWo replacement pro 
cesses for the formation of planar self aligned metal gate 
transistors, one for disposable sideWall spacers and the other 
for the gate material itself. 

Self Aligned Metal Gate Method 

[0024] FIG. 2 illustrates an embodiment of a method 200 
for forming a self aligned metal gate on high-k gate dielec 
trics. According to various method embodiments, a high-k 
gate dielectric is formed on a substrate at 202 and a 
sacri?cial carbon gate is formed on the gate dielectric at 204. 
Sacri?cial carbon sideWall spacers are formed adjacent to 
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the sacri?cial carbon gate at 206, and source/drain regions 
for the transistor are formed at 208, using the sacri?cial 
carbon sidewall spacers to de?ne the source/drain regions. 
The sacri?cial carbon sideWall spacers are replaced With 
non-carbon sideWall spacers at 210, and the sacri?cial 
carbon gate is replaced With a desired metal gate material at 
212, to provide the desired metal gate material on the gate 
dielectric. 

[0025] Various embodiments form source/drain exten 
sions after removing the carbon sideWall spacers and before 
replacing With non-carbon sideWall spacers. An etch barrier 
is used in various embodiments to separate the sacri?cial 
carbon gate from the sacri?cial carbon sideWall spacers. 
Various embodiments replace the carbon sacri?cial gate With 
aluminum (Al), tungsten (W), molybdenum (Mo), gold 
(Au), silver (Ag), gold alloy, silver alloy, copper (Cu), 
platinum (Pt), rhenium (Re), ruthenium (Ru), rhodium (Rh), 
nickel (Ni), osmium (Os), palladium (Pd), iridium (Ir), 
cobalt (Co), germanium (Ge), or metallic nitrides such as 
WN, TiN or TaN covered by metals. The high-k gate 
dielectric formed at 202 may be one of a number of high-k 
gate dielectrics. Various high-k dielectric embodiments are 
identi?ed beloW. 

High-k Dielectric Gate Insulator 

[0026] As provided in the above embodiments, the sacri 
?cial carbon gate 103 is formed on high-k gate dielectric 
110. Various embodiments use the speci?c high-k dielectrics 
provided beloW. Some speci?c process examples are pro 
vided beloW for the identi?ed high-k dielectric. These pro 
cess examples are not intended to be limited to exclude the 
identi?ed device structures if the structures are formed using 
other processes. According to various embodiments, a 
high-k dielectric can be fabricated using atomic layer depo 
sition (ALD) processes, evaporated deposition processes, 
and sputtered deposition processes. Additionally, metal can 
be oxidiZed to form a high-k dielectric, and the high-k 
dielectric can be formed as nanolaminates of dielectric 
material. 

[0027] Speci?c chemical formulas are referenced beloW 
With respect to various high-k dielectric structures. HoW 
ever, the dielectric structure can include stoichiometric 
structures, non-stoichiometric structures, and combinations 
of stoichiometric and non-stoichiometric structures. 

AlO 

[0028] Various embodiments use an aluminum oxide 
(AlOX) formed by ALD as a high-k dielectric. For example, 
a pulse of an oxidant can be provided, folloWed by a purge 
or evacuation of the oxidant, folloWed by a pulse of a 
precursor containing aluminum, folloWed by a purge or 
evacuation of the aluminum-containing precursor. The alu 
minum precursor can include a variety of precursors, such as 
trimethylaluminum (TMA), trisobutylaluminum (TIBA), 
dimethylaluminum hydride (DMAH), AlC3, and other halo 
genated precursors and organometallic precursors. Oxidants 
can include a Water-argon mixture formed by bubbling an 
argon carrier through a Water reservoir, H202, O2, O3, and 
N20. The ALD aluminum oxides are not limited to speci?c 
aluminum precursors or oxidants. Additional information 
regarding aluminum oxides formed by ALD can be found in 
US Patent Application Publication 2003/0207032-Al, 
entitled “Methods, Systems, and Apparatus for Atomic 
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Layer Deposition of Aluminum Oxides in Integrated Cir 
cuits,” Which is herein incorporated by reference. 

LaA1O3 
[0029] Various embodiments use a lanthanum aluminum 
oxide (LaAlO3) formed by ALD as a high-k dielectric. For 
example, a LaAlO3 gate dielectric can be formed using 
atomic layer deposition by employing a lanthanum sequence 
and an aluminum sequence, Where the lanthanum sequence 
uses La(thd)3 (thd=2,2,6,6-tetramethyl-3,5-heptanedione) 
and oZone, and the aluminum sequence uses either trimethy 
laluminum, Al(CH3)3, or DMEAA, an adduct of alane 
(AlH3) and dimethylethylamine [N(CH3)2(C2H5)], With dis 
tilled Water vapor. 

[0030] A dielectric ?lm containing LaAlO3, A1203, and 
LaZO3 Will have a dielectric constant ranging from the 
dielectric constant of A1203, 9, to the dielectric constant of 
La2O3, 30. By controlling the number of cycles of the 
lanthanum sequence and the number of cycles of the alu 
minum sequence, the amount of lanthanum and aluminum 
deposited on the surface region of a substrate can be 
controlled. Thus, a dielectric ?lm formed by ALD using a 
lanthanum sequence and an aluminum sequence can be 
formed With a composition containing selected or predeter 
mined percentages of LaAlO3, A1203, and La2O3, in Which 
case the effective dielectric constant of the ?lm Will be 
selected or predetermined in the range from 9 to 30. A 
dielectric ?lm containing almost entirely LaAlO3 Will have 
a dielectric constant in the range of about 21 to about 25. The 
resulting dielectric containing LaAlO3 should be amorphous 
if an aluminum sequence is used subsequent to a lanthanum 
sequence. 

[0031] In addition to separately controlling the number of 
cycles of the lanthanum sequence and the aluminum 
sequence in the ALD process, a dielectric ?lm containing 
LaAlO3 can be engineered With selected characteristics by 
also controlling precursor materials for each sequence, pro 
cessing temperatures and pressures for each sequence, indi 
vidual precursor pulsing times, and heat treatment at the end 
of the process, at the end of each cycle, and at the end of 
each sequence. The heat treatment may include in situ 
annealing in various atmospheres including argon, nitrogen, 
and oxygen. A range of equivalent oxide thickness is asso 
ciated With the capability to provide a composition having a 
dielectric constant in the range from about 9 to about 30, and 
the capability to attain physical ?lm thickness in the range 
from about 0.5 to about 50 nm and above. 

[0032] Additional information regarding LaAlO3 dielec 
tric ?lms can be found in US Patent Application Publication 
2003/0207540-Al, entitled “Atomic Layer-Deposited 
LaAlO3 Films For Gate Dielectrics,” Which is herein incor 
porated by reference. 

HfAlO 

[0033] Various embodiments use a hafnium aluminum 
oxide (HfAlO3) formed by ALD as a high-k dielectric. For 
example, an HfAlO3 gate dielectric can be formed using 
atomic layer deposition by employing a hafnium sequence 
and an aluminum sequence, Where the hafnium sequence 
uses HfCl4 and Water vapor, and the aluminum sequence 
uses either trimethylaluminum, Al(CH3)3, or DMEAA, an 
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adduct of alane (AlH3) and dimethylethylamine 
[N(CH3)2(C2H5)], With distilled Water vapor. 

[0034] A dielectric ?lm containing HfAlO3, A1203, and 
HfO2 has a dielectric constant ranging from the dielectric 
constant of A1203, 9, to the dielectric constant of HfO2, 25. 
By controlling the number of cycles of the hafnium 
sequence and the number of cycles of the aluminum 
sequence, the amount of hafnium and aluminum deposited 
on the surface region of a substrate can be controlled. Thus, 
a dielectric ?lm formed by ALD using a hafnium sequence 
and an aluminum sequence can be formed With a composi 
tion containing selected or predetermined percentages of 
HfAlO3, A1203, and HfO2, in Which case the effective 
dielectric constant of the ?lm Will be selected or predeter 
mined in the range from 9 to 25. Furthermore, by using an 
aluminum sequence subsequent to a hafnium sequence, the 
resulting dielectric containing HfAlO3 should be amor 
phous. 
[0035] In addition to separately controlling the number of 
cycles of the hafnium sequence and the aluminum sequence 
in the ALD process, a dielectric ?lm containing HfAlO3 can 
be engineered With selected characteristics by also control 
ling precursor materials for each sequence, processing tem 
peratures and pressures for each sequence, individual pre 
cursor pulsing times, and heat treatment at the end of the 
process, at the end of each cycle, and at the end of each 
sequence. The heat treatment may include in situ annealing 
in various atmospheres including argon and nitrogen. 

[0036] A range of equivalent oxide thickness, teq is asso 
ciated With the capability to provide a composition having a 
dielectric constant in the range from about 9 to about 25, and 
the capability to attain physical ?lm thickness in the range 
of from about 2 to about 3 nm and above. 

[0037] Additional information regarding HfAlO3 dielec 
tric ?lms can be found in US Patent Application Publication 
2003/0227033-A1, entitled “Atomic Layer-Deposited 
HfAlO Films For Gate Dielectrics,” Which is herein incor 
porated by reference. 

Pr2O3-based La-Oxide 
[0038] Various embodiments use a Pr2O3-based La-Oxide 
dielectric as a high-k dielectric. For example, a Pr2O3 -based 
La-Oxide gate dielectric can be formed by electron beam 
evaporation as a nanolaminate of Pr2O3 and a lanthanide 
oxide selected from the group consisting of Nd2O3, Sm2O3, 
Gd2O3, and Dy2O3. 

[0039] According to one embodiment, an electron gun 
generates an electron beam that hits a target that contains a 
ceramic Pr6Oll source, Which is evaporated due to the 
impact of the electron beam. The evaporated material is then 
distributed throughout a chamber, and a dielectric layer of 
PrZO3 is groWn, forming a ?lm on the surface of the structure 
that it contacts. The resultant Pr2O3 layer includes a thin 
amorphous interfacial layer of about 0.5 nm thickness sepa 
rating a crystalline layer of Pr2O3 from the substrate on 
Which it is groWn. This thin amorphous layer is bene?cial in 
reducing the number of interface charges and eliminating 
any grain boundary paths for conductance from the sub 
strate. Other source materials can be used for forming the 
PrZO3 layer, as are knoWn to those skilled in the art. 

[0040] Subsequent to the formation of the Pr2O3 layer, 
another lanthanide oxide is deposited on the ?lm, converting 
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the ?lm from a Pr2O3 layer to a nanolaminate of Pr2O3 and 
the other lanthanide oxide. In various embodiments, the 
other lanthanide oxide is selected from the group consisting 
of Nd2O3, Sm2O3, Gd2O3, and Dy2O3. Depending on the 
lanthanide oxide selected to form the nanolaminate, a cor 
responding source material is used in the target for electron 
beam evaporation. The source material for the particular 
lanthanide oxide is chosen from commercial materials for 
forming the lanthanide oxide by electron beam evaporation, 
as is knoWn by those skilled in the art. 

[0041] In one embodiment, alternating layers of Pr2O3 and 
another selected lanthanide oxide are formed by controlled 
electron beam evaporation providing layers of material of 
predetermined thickness. This control alloWs the engineer 
ing of a dielectric With a predetermined thickness and 
composition. Through evaluation of different lanthanide 
oxides at various thicknesses and number of layers, a 
dielectric layer With a predetermined teq in a narroW range of 
values can be groWn. Alternatively, after forming a Pr2O3 
layer and a layer of another lanthanide oxide, additional 
layers of additional lanthanide oxides can be formed. Each 
layer of an additional lanthanide oxide selected from a group 
consisting of Pr2O3, Nd2O3, Sm2O3, Gd2O3, and Dy2O3. 
Consequently, a dielectric layer can be engineered With 
electrical characteristics suited for a given application. 
These electrical characteristics include teq and leakage cur 
rent. A teq of less than 20 A can be obtained, typically With 
siZes of about 14 A to 8.5 A. 

[0042] In an embodiment, nanolaminates of lanthanide 
oxides are formed by electron beam evaporation. The lan 
thanide oxides used in these nanolaminates are chosen from 
the group consisting of Pr2O3, Nd2O3, Sm2O3, Gd2O3, and 
Dy2O3. The structure of the nanolaminates can be varied 
With any one of the group used as the initial layer formed on 
a substrate. Typically, the substrate is silicon based, since 
these lanthanide oxides are thermodynamically stable With 
respect to formation on a silicon surface. In an alternate 
embodiment, lanthanide oxide nanolaminates are formed by 
atomic layer deposition. 

[0043] A Pr2O3 ?lm formed on silicon has a dielectric 
constant of about 31 When formed With little or no interfacial 
layer betWeen the Pr2O3 ?lm and the substrate. The dielec 
tric constants for the other lanthanide oxides are also in the 
range of 25-30. As a result, a dielectric layer groWn by 
forming a nanolaminate of lanthanide oxides has a dielectric 
constant in the range of about 25 to about 31. HoWever, With 
an interfacial layer formed betWeen the surface of the 
substrate and the ?rst lanthanide oxide, the teq of the dielec 
tric layer is the teq of the interfacial layer in parallel With the 
lanthanide oxide nanolaminate. Thus, the dielectric layer 
formed having an interfacial layer betWeen the substrate on 
Which it is groWn and a lanthanide oxide nanolaminate can 
have an effective dielectric constant considerably less than a 
dielectric constant associated With a nanolaminate of lan 
thanide oxides. This is dependent upon the dielectric con 
stant of the interfacial material being considerably less than 
the dielectric constant of the lanthanide oxides used to form 
the nanolaminate. 

[0044] A Pr2O3 layer can be formed on a silicon based 
substrate having a dielectric constant of about 31 With an 
interfacial layer of about 0.5 nm (5 A). In another embodi 
ment, for an interfacial layer of about 10.7 A, an effective 
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dielectric constant for a thin layer of Pr2O3 on silicon is 
about 15. Similar e?fective dielectric constants are associ 
ated With thin layers of Nd2O3, Sm2O3, Gd2O3, and Dy2O3 
oxides on silicon. For example, a thin layer of Nd2O3 has an 
e?fective dielectric constant of about 12.9 With an interfacial 
layer of about 8.2 A, a thin layer of Sm2O3 has an e?fective 
dielectric constant of about 11.4 With an interfacial layer of 
about 5.5 A, a thin layer of Gd2O3 has an effective dielectric 
constant of about 13.9 With an interfacial layer of about 10 
A, and a thin layer of Dy2O3 has an e?fective dielectric 
constant of about 14.3 With an interfacial layer of about 12 
A. Lanthanide oxides grown on silicon With these reduced 
e?fective dielectric constants and corresponding interfacial 
layers can be attained With a teq equal to about 13 A for 
Pr2O3, about 12.4 A for Nd2O3, about 12.2 A for Sm2O3, 
about 13 A for Gd2O3, and about 13.3 A for Dy2O3. 
Consequently, nanolaminates of these lanthanide oxides can 
be formed With an e?fective dielectric constant in the range 
oAf 11 to 15 and a teq in the range of about 12 A to about 14 

[0045] The formation of the interfacial layer is one factor 
in determining hoW thin a layer can be groWn. An interfacial 
layer can be SiO2 for many processes of forming a non-SiO2 
dielectric on a silicon substrate. However, advantageously, 
in an embodiment forming a lanthanide oxide nanolaminate 
With an initial layer of Pr2O3, a thin amorphous interfacial 
layer is formed that is not a SiO2 layer. Typically, this 
interfacial layer is either an amorphous layer primarily of 
PrZO3 formed betWeen the silicon substrate and a crystalline 
form of Pr2O3, or a layer of PriSi4O silicate. The dielec 
tric constant for PriSiiO silicate is signi?cantly greater 
than SiO2, but not as high as Pr2O3. 

[0046] Another factor setting a loWer limit for the scaling 
of a dielectric layer is the number of monolayers of the 
dielectric structure necessary to develop a full band gap such 
that good insulation is maintained betWeen an underlying 
silicon layer and an overlying conductive layer on the 
dielectric layer or ?lm. This requirement is necessary to 
avoid possible short circuit e?fects betWeen the underlying 
silicon layer and the overlying conductive layer used. In one 
embodiment, for a 0.5 nm interfacial layer and several 
monolayers of lanthanide groWn, an expected loWer limit for 
the physical thickness of a dielectric layer groWn by forming 
a lanthanide oxide nanolaminate is anticipated to be in about 
the 2-4 nm range. Consequently, typical dielectric layers or 
?lms can be groWn by forming lanthanide oxide nanolami 
nates having physical thicknesses in the range of 4 to 10 nm. 
The number of layers used, the thickness of each layer, and 
the lanthanide oxide used for each layer can be engineered 
to provide the desired electrical characteristics. The use of 
PrZO3 as the initial layer is expected to provide excellent 
overall results With respect to reliability, current leakage, 
and ultra-thin teq. 

[0047] Some embodiments include forming lanthanide 
oxide nanolaminates by electron beam evaporation With 
target material to form Pr2O3, forming lanthanide oxide 
nanolaminates by atomic layer deposition, and electron 
beam evaporation forming lanthanide oxide nanolaminates 
With initial layers of a lanthanide oxide other than Pr2O3. 
The physical thicknesses can range from about 2 nm to about 
10 nm, With typical thickness ranging from about 4 nm to 
about 10 nm. Such layers have an e?fective dielectric con 
stant ranging from 11 to 31, Where a layer With a typical 
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interfacial layer has an e?fective dielectric constant in the 
range of 111 to 16, and a layer With a signi?cantly thin 
interfacial layer can attain an e?fective dielectric constant in 
the range of 25 to 31. Consequently, the equivalent oxide 
thickness of a dielectric layer formed as a lanthanide oxide 
nanolaminate can be engineered over a signi?cant range. 
Various embodiments provide a typical teq of about 14 A. 
With careful preparation and engineering of the lanthanide 
oxide nanolaminate limiting the siZe of interfacial regions, a 
teq doWn to 2.5 A or loWer is anticipated. 

[0048] Additional information regarding Pr2O3-based La 
Oxide dielectric ?lms can be found in US Patent Application 
Publication 2003/0228747-A1, entitled “Pr2O3-based La 
Oxide Gate Dielectrics,” Which is herein incorporated by 
reference. 

Lanthanide Doped TiOX 
[0049] A lanthanide doped TiOx dielectric layer can be 
formed by depositing titanium and oxygen onto a substrate 
surface by atomic layer deposition and depositing a lan 
thanide dopant by atomic layer deposition onto the substrate 
surface containing the deposited titanium and oxygen. The 
dopant can be selected from a group consisting of Nd, Tb, 
and Dy. 

[0050] In one embodiment, a method of forming a dielec 
tric ?lm includes depositing titanium and oxygen onto a 
substrate surface by atomic layer deposition and depositing 
a lanthanide dopant by atomic layer deposition onto the 
substrate surface containing the deposited titanium and 
oxygen. In one embodiment, the titanium sequence and the 
lanthanide dopant sequence include using precursors that 
form oxides of the titanium and the lanthanide dopant. For 
example, precursor TiI4 With H2O2 as its reactant precursor 
in an ALD process can form TiOX, and precursor La(thd)3 
(thd=2,2,6,6-tetramethyl-3,5-heptanedione) With oZone as 
its reactant precursor in an ALD process can form La2O3. 

[0051] Depositing the lanthanide dopant includes regulat 
ing the deposition of the lanthanide dopant relative to the 
titanium and oxygen deposited on the substrate surface to 
form a dielectric layer containing TiOx doped With a prede 
termined percentage of the lanthanide. In a further embodi 
ment, depositing a lanthanide dopant includes depositing a 
lanthanide selected from a group consisting of Nd, Tb, and 
Dy. 

[0052] The lanthanide dopant can be included in the TiOx 
?lm using di?ferent embodiments for atomic layer deposi 
tion. In one embodiment, a lanthanide can be doped in the 
TiOx ?lm by pulsing a lanthanide dopant sequence in place 
of a titanium sequence. The lanthanide dopant level is then 
controlled by regulating the number of cycles of the lan 
thanide dopant sequence With respect to the number of 
cycles of the titanium sequence. In another embodiment, a 
lanthanide can be doped in the TiOx ?lm by pulsing a 
lanthanide dopant precursor substantially simultaneously 
With a titanium precursor. The titanium/lanthanide dopant 
sequence includes a precursor for oxidiZing the titanium/ 
lanthanide dopant at the substrate surface. The lanthanide 
dopant level is then controlled by regulating the mixture of 
the titanium-containing precursor and the lanthanide-con 
taining precursor. 

[0053] Dielectric ?lms of lanthanide doped TiOx formed 
by atomic layer deposition can provide not only ultra thin teq 
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?lms, but also ?lms With relatively loW leakage current. In 
addition to using ALD to provide precisely engineered ?lm 
thicknesses, attainment of relatively loW leakage current is 
engineered by doping With lanthanides selected from a 
group consisting of Nd, Tb, and Dy. Though a layer of 
undoped TiOx can be amorphous, Which assists in the 
reduction of leakage current, doping With these lanthanides 
yields a doped amorphous TiOx With enhanced leakage 
current characteristics. Leakage currents on the order of 10-7 
A/cm2 or smaller in TiOx layers doped With Nd, Tb, or Dy 
can be attained, Which are orders of magnitude smaller than 
for undoped TiOX. Further, the breakdoWn electric ?elds are 
several factors larger for layers of TiOx doped With Nd, Tb, 
or Dy than for layers of undoped TiOX. 

[0054] The doping of the TiOx layer With a lanthanide 
occurs as a substitution of a lanthanide atom for a Ti atom. 

The resultant doped TiOx layer is a layer of amorphous 
Ti1_yLyOX, Where L is a lanthanide. Controlling the ALD 
cycles of the titanium sequence and the lanthanide dopant 
sequence alloWs a Til_yLyOx, or lanthanide doped TiOX, 
dielectric layer to be formed Where the lanthanide, L, can 
range from about 5% to about 40% of the dielectric layer 
formed. Such TiOx layers doped With Nd, Tb, or Dy formed 
by ALD can provide the reduced leakage current and 
increased breakdoWn mentioned above. 

[0055] Additional information regarding lanthanide doped 
TiOx dielectric ?lms can be found in US Patent Application 
Publication 2004/ 004354l-Al, entitled “Atomic Layer 
Deposited Lanthanide Doped TiOx Dielectric Films,” Which 
is herein incorporated by reference. 

HfSiON 

[0056] A HfSiON dielectric can be formed by atomic layer 
deposition. A HfSiON layer thickness is controlled by 
repeating for a number of cycles a sequence including 
pulsing a hafnium-containing precursor into a reaction 
chamber, pulsing an oxygen-containing precursor into the 
reaction chamber, pulsing a silicon-containing precursor 
into the reaction chamber, and pulsing a nitrogen-containing 
precursor until a desired thickness is formed. 

[0057] The hafnium-containing precursor includes a HfCl4 
precursor in some embodiments, and a Hfl4 precursor in 
other embodiments. According to some embodiments, the 
oxygen-containing precursor includes Water vapor or a 
vapor solution of HZOiHZO2 in the reaction chamber. 
According to some embodiments, the silicon-containing 
precursor includes a SiCl4 precursor. A nitrogen-containing 
precursor includes a NH3 precursor in some embodiments. 
NH3 annealing at about 550° C. can also be performed. 

[0058] Additional information regarding HfSiON dielec 
tric ?lms can be found in US Patent Application Publication 
2004/0043569-Al, entitled “Atomic Layer Deposited 
HfSiON Dielectric Films,” Which is herein incorporated by 
reference. 

ZriSniTi4O 

[0059] A ZriSniTiiO dielectric layer can be formed 
by depositing titanium and oxygen onto a substrate surface 
by atomic layer deposition, depositing Zirconium and oxy 
gen onto a substrate surface by atomic layer deposition, and 
depositing tin and oxygen onto a substrate surface by atomic 
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layer deposition. Metal chloride precursors can be pulsed for 
each metal in the ZriSniTiiO. In some embodiments, 
the dielectric ?lm is formed by depositing TiO2 onto a 
surface by atomic layer deposition, depositing Zirconium 
and oxygen onto the surface by atomic layer deposition, and 
depositing tin and oxygen onto the surface by atomic layer 
deposition. The TiO2 deposition can include pulsing a TiCl4 
precursor. The Zirconium and oxygen deposition can include 
pulsing a ZrCl4 precursor. The tin and oxygen deposition can 
include pulsing a SnCl4 precursor. In various embodiments, 
the formation of the dielectric ?lm is controlled such that the 
dielectric ?lm has a composition substantially of Zr SnXTil_ 
X-yO4 With 0.3<y<0.7 and 0<x<0.2. y 

[0060] In some embodiments, the dielectric ?lm is formed 
by depositing TiO2 onto a surface by atomic layer deposition 
using a Til4 precursor; depositing Zirconium and oxygen by 
atomic layer deposition using a Zirconium halide precursor 
folloWing forming TiO2; and depositing tin and oxygen by 
atomic layer deposition using a tin halide precursor folloW 
ing depositing Zirconium and oxygen. The Zirconium and 
oxygen deposition can include pulsing a Zrl4 precursor. The 
tin and oxygen deposition can include pulsing a Snl4 pre 
cursor. In various embodiments, the formation of the dielec 
tric ?lm is controlled such that the dielectric ?lm has a 
composition substantially of ZrySrn(Ti1_x_yO4 With 
0.3<y<0.7 and 0<x<0.2. In various embodiments, the for 
mation of the dielectric ?lm is controlled such that the 
dielectric ?lm has a composition substantially of 
ZrO_2SnO_2TiO_6O2. 
[0061] Additional information regarding ZriSniTi4O 
dielectric ?lms can be found in US Patent Application 
Publication 2004/0ll039l-Al, entitled “Atomic Layer 
Deposited ZriSniTi4O Films,” and US Patent Applica 
tion Publication 2004/0ll0348-Al, entitled “Atomic Layer 
Deposited ZriSniTi4O Films using Til4,” Which are 
herein incorporated by reference. 

Metal Oxynitride 

[0062] The high-k dielectric ?lm can be formed as a metal 
oxynitride, formed by atomic layer deposition of a plurality 
of reacted monolayers. The monolayers comprise at least 
one each of a metal, an oxide and a nitride. According to 
various embodiments, the metal oxynitride layer is formed 
from Zirconium oxynitride, hafnium oxynitride, tantalum 
oxynitride, or mixtures thereof. 

[0063] According to various process embodiments, a plu 
rality of gaseous precursors can be separately introduced to 
a surface of the semiconductor substrate. The gaseous pre 
cursors comprise a metal gaseous precursor and at least tWo 
nonmetallic gaseous precursors. A ?rst gaseous precursor of 
the plurality of gaseous precursors is purged or evacuated 
from the surface of the semiconductor substrate before a 
second gaseous precursor of the plurality of gaseous pre 
cursors is introduced to the surface of the semiconductor 
substrate. The metal gaseous precursor can include Zirco 
nium tetrachloride, Zirconium tetraiodide, hafnium tetra 
chloride, hafnium tetraiodide, or a halogenated tantalum. An 
oxygen-containing gaseous precursor and a nitrogen-con 
taining gaseous precursor are separately introduced to the 
surface of the semiconductor substrate. For example, Water 
or hydrogen peroxide can be used as the oxygen-containing 
gaseous precursor and at least one of ammonia, tert-buty 
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lamine, allylamine, and l,l-dimethylhydraZine can be used 
as the nitrogen-containing gaseous precursor. Thus, mono 
layers of metal, oxide, and nitride are formed, and the metal, 
oxide, and nitride monolayers are reacted to form the metal 
oxynitride layer. 
[0064] Additional information regarding metal oxynitride 
dielectric layers can be found in US Patent Application 
Publication 2004/0l44980-Al, entitled “Atomic Layer 
Deposition of Metal Oxynitride Layers as Gate Dielectrics 
and Semiconductor Device Structures Utilizing Metal 
Oxynitride Layers,” Which is herein incorporated by refer 
ence. 

[0065] The high-k dielectric ?lm can be HfOZ/Hf, Which 
can be formed by depositing a hafnium metal layer on a 
substrate surface by atomic layer deposition and depositing 
a hafnium oxide layer on the hafnium metal layer by atomic 
layer deposition to form a hafnium oxide dielectric layer 
substantially free of silicon oxide. In general, a layer of a 
metal is formed on a substrate by atomic layer deposition, 
and an oxide of the metal is formed on the metal by atomic 
layer deposition. 
[0066] A hafnium nitrate precursor, such as an anhydrous 
hafnium nitrate precursor, can be used to form the layer of 
hafnium. A layer of hafnium oxide can be formed using an 
anhydrous hafnium nitrate precursor and a Water vapor 
precursor. The substrate may be maintained at about 180° C. 
during the formation of the layer of hafnium and the 
formation of the layer of hafnium oxide. 

[0067] Additional information regarding metal oxide/ 
metal dielectric ?lms, such as HfOZ/Hf, can be found in US 
Patent Application Publication 2004/0l75882-Al, entitled 
“Atomic Layer Deposited Dielectric Layers,” Which is 
herein incorporated by reference. 

ZrAlXOy 
[0068] The high-k dielectric ?lm can be ZrAl O Which 
can be formed by ALD by pulsing a Zirconium-coyntaining 
precursor onto a substrate, pulsing a ?rst oxygen-containing 
precursor, pulsing an aluminum-containing precursor, and 
pulsing a second oxygen-containing precursor to form 
ZrAlXOy. A precursor can be used that includes both Zirco 
nium and oxygen to provide the Zirconium and oxygen in 
one pulsing process, and a precursor can be used that 
contains both aluminum and oxygen to provide the alumi 
num and oxygen in one pulse. In various embodiments, the 
dielectric layer contains Zr4AlO9. An interfacial layer of 
silicon oxide or silicon betWeen the substrate and the 
ZrAlXOy dielectric can be less than about 1 nm. The Zirco 
nium-containing precursor can be selected from ZrCl4 and 
ZrI4 precursors. The aluminum-containing precursor can be 
selected from trimethylaluminum and DMEAA. Oxygen 
containing precursors can be selected from H2O, H2O2, and 
a HZOiHZO2 mixture. 

[0069] Additional information regarding ZrAlXOy dielec 
tric layers can be found in US Patent Application Publication 
2005/0054l65-Al, entitled “Atomic Layer Deposited 
ZrAlXOy Dielectric Layers,” Which is herein incorporated by 
reference. 

ZrTiO4 
[0070] The high-k dielectric ?lm can be ZrTiO4, Which 
can be formed by ALD by pulsing a titanium-containing 
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precursor onto a substrate, and pulsing a Zirconium-contain 
ing precursor to form an oxide containing Zr and Ti. The 
pulsing of the titanium-containing precursor and the pulsing 
of the Zirconium-containing precursor is controlled to pro 
vide a dielectric layer With a predetermined Zirconium to 
titanium ratio. In various embodiments, the ZrTiO4 ?lm is 
formed With a Zr/Ti ratio of about 0.4/0.6. A Zirconium 
containing precursor used to form the oxide containing Zr 
and Ti can include Zirconium tertiary-butoxide. The tita 
nium-containing precursor can be selected from TiCl4, TiI4, 
Ti(OCH(CH3)2)4, and Ti(OC2H5)4. The ?rst pulsing of the 
titanium-containing precursor can be performed before puls 
ing the Zirconium tertiary-butoxide precursor. 

[0071] Reactant precursors that can be used after pulsing 
the titanium-containing precursor and pulsing the Zirconium 
tertiary-butoxide precursor can be selected from H2O, H2O2, 
alcohol (ROH), N20, 03, and 02. The substrate can be kept 
at a temperature ranging from about 200° C. to about 400° 
C. A silicon nitride layer can be formed betWeen the sub 
strate and the ?lm containing ZrTiO4. The ALD-formed ?lm 
can be a nanolaminate of ZrO2 and TiO2. 

[0072] Additional information regarding ZrTiO4 dielectric 
layers can be found in US Patent Application Publication 
2004/02l4399-Al, entitled “Atomic Layer Deposited 
ZrTiO4 Films,” Which is herein incorporated by reference. 

Zr-doped Ta Oxide 

[0073] The high-k dielectric ?lm can be a Zirconium 
doped tantalum oxide dielectric layer, such as can be formed 
by depositing tantalum by atomic layer deposition onto a 
substrate surface and depositing a Zirconium dopant by 
atomic layer deposition onto the substrate surface. The 
formation of the Zirconium-doped tantalum oxide can 
include pulsing a tantalum-containing precursor to deposit 
tantalum onto a substrate surface, pulsing an oxygen-con 
taining precursor to deposit oxygen onto the substrate sur 
face, repeating for a number of cycles the pulsing of the 
tantalum-containing precursor and the pulsing of the oxy 
gen-containing precursor, and substituting a Zirconium cycle 
for one or more cycles of the pulsing of the tantalum 
containing precursor. The Zirconium cycle includes pulsing 
a Zirconium-containing precursor to deposit Zirconium onto 
the substrate surface. A reactant precursor is selected to 
produce an oxidiZing reaction for the Zirconium at the 
substrate surface. According to various embodiments, a 
tantalum-containing precursor includes Ta(OC2H5)5, and a 
Zirconium-containing precursor includes ZrI4. 

[0074] Additional information regarding Zirconium-doped 
tantalum oxide dielectric layers can be found in US. patent 
application Ser. No. 10/909,959, ?led Aug. 2, 2004, entitled 
“Atomic Layer Deposition of Zirconium-Doped Tantalum 
Oxide Films,” Which is herein incorporated by reference. 

HfO2iSi3N4 on SiO2 

[0075] The high-k dielectric layer can be formed by 
depositing HfO2-Silicon-Nitride by atomic layer deposition. 
The HfO2-Silicon-Nitride is formed on SiO2. The silicon 
nitride can be formed using SiCl4 and NH3 gases, and HfO2 
can be formed by ALD using hafnium tetraiodide and 
oxygen as precursors. Anhydrous Hf(NO3)4 and H20 vapor 
may also be used. 
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Ru Gate and La-oxide 

[0076] Various embodiments use a lanthanide oxide 
high-k dielectric With a ruthenium or ruthenium oxide gate. 
In various embodiments, the lanthanide oxide dielectric 
layer is formed by depositing lanthanum by atomic layer 
deposition onto a substrate surface using a trisethylcyclo 
pentadionatolanthanum precursor or a trisdipyvaloylmetha 
natolanthanum precursor. A ruthenium gate on a lanthanide 
oxide dielectric layer provides a gate structure that effec 
tively prevents a reaction betWeen the gate and the lan 
thanide oxide dielectric layer. 

[0077] Additional information regarding ruthenium on 
lanthanide oxide can be found in Us. patent application Ser. 
No. 10/926,812, ?led Aug. 26, 2004, entitled “Ruthenium 
Gate For a Lanthanide Oxide Dielectric Layer,” Which is 
herein incorporated by reference. 

TiAlOX 
[0078] The high-k dielectric ?lm can be provided by a 
titanium aluminum oxide ?lm, Which can be formed by 
depositing titanium and/or aluminum by atomic layer depo 
sition onto a substrate surface. The deposited titanium and/or 
aluminum is annealed using atomic oxygen. After annealing, 
a layer of titanium aluminum oxide is formed on the 
annealed layer to form a contiguous layer of titanium 
aluminum oxide. 

[0079] Forming the dielectric includes forming an insu 
lating metal oxide, Which includes forming a ?rst layer of at 
least one of a ?rst metal and a second metal by atomic layer 
deposition, annealing the ?rst layer using oxygen, and 
forming, after annealing the ?rst layer, a second layer of an 
insulating metal oxide of the ?rst metal and the second metal 
onto the ?rst layer by atomic layer deposition to form a 
contiguous layer. The ?rst layer can include a layer of the 
?rst metal and the second metal. The ?rst layer can have a 
thickness of about one monolayer or at most substantially 
tWo monolayers. 

[0080] According to various embodiments, a ?rst layer of 
titanium aluminum oxide is formed by atomic layer depo 
sition, and the ?rst layer is annealed using atomic oxygen. A 
second layer of titanium aluminum oxide is formed onto the 
?rst layer by atomic layer deposition, after annealing the ?rst 
layer, to form a contiguous layer. The ?rst layer of titanium 
aluminum oxide can be formed using Til4 or trimethylalu 
minum as a precursor, and the second layer of titanium 
aluminum oxide can be formed using TiCl4 as a precursor. 
The titanium oxide and the titanium aluminum oxide ?lm 
can be formed as a nanolaminate. 

[0081] Additional information regarding titanium alumi 
num oxide ?lms can be found in Us. patent application Ser. 
No. 10/931,533, ?led Aug. 31, 2004, entitled “Atomic Layer 
Deposited Titanium Aluminum Oxide Films,” Which is 
herein incorporated by reference. 

LaAlOX 
[0082] The high-k dielectric ?lm can be provided by a 
lanthanum aluminum oxide dielectric layer, Which can be 
formed by depositing aluminum and lanthanum by atomic 
layer deposition onto a substrate surface in Which precursors 
to deposit the lanthanum include a trisethylcyclopentadion 
atolanthanum precursor and/or a trisdipyvaloylmethanato 
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lanthanum precursor, and a metal (e.g. Al) containing pre 
cursor is also used. The lanthanum aluminum oxide can be 
formed as a compound of lanthanum oxide and aluminum 
oxide. The dielectric layer can include LaAlO3. 

[0083] Additional information regarding titanium alumi 
num oxide ?lms can be found in Us. patent application Ser. 
No. 10/930,167, ?led Aug. 31, 2004, entitled “Atomic Layer 
Deposited Lanthanum Aluminum Oxide Dielectric Layer,” 
Which is herein incorporated by reference. 

[0084] The high-k dielectric can be provided as a lantha 
num hafnium oxide layer, Which can be formed by depos 
iting hafnium and lanthanum by atomic layer deposition 
onto a substrate surface. The process includes introducing a 
lanthanum-containing precursor to a substrate, and introduc 
ing a hafnium-containing precursor to the substrate. 
Embodiments include methods and apparatus in Which pre 
cursors to deposit the lanthanum include a trisethylcyclo 
pentadionatolanthanum (La(EtCp)3) precursor, a tris(2,2,6, 
6-tetramethyl-3,5-heptanedionato) lanthanum (Ill) 
precursor, a trisdipyvaloylmethanatolanthanum precursor, or 
a tri s(2, 2, 6 , 6 -tetramethyl-3 ,5 -heptanedionato)lanthanum 
(Ill) tetraglyme adduct precursor. 

[0085] Additional information regarding titanium alumi 
num oxide ?lms can be found in Us. patent application Ser. 
No. 11/010,529, ?led Dec. 13, 2004, entitled “Atomic Layer 
Deposited Lanthanum Hafnium Oxide Dielectrics,” Which is 
herein incorporated by reference. 

HfTaO 

[0086] The high-k dielectric can be provided as a hafnium 
tantalum oxide ?lm, Which can be formed by depositing 
hafnium and tantalum by atomic layer deposition onto a 
substrate surface. A tantalum-containing precursor can 
include a tantalum ethoxide precursor, and a hafnium 
containing precursor can include a hafnium nitrate precur 
sor. 

[0087] Additional information regarding titanium alumi 
num oxide ?lms can be found in Us. patent application Ser. 
No. 11/029,757, ?led Jan. 5, 2005, entitled “Atomic Layer 
Deposited Hafnium Tantalum Oxide Dielectrics,” Which is 
herein incorporated by reference. 

Hafnium Titanium Oxide 

[0088] The high-k dielectric can be provided as hafnium 
titanium oxide, such as HfTiO4, formed by ALD using 
precursors substantially free of chlorine and carbon. Precur 
sors capable of being used include a titanium halide precur 
sor such as a titanium iodine precursor, a titanium nitride 

precursor, a titanium isopropoxide precursor, and a hafnium 
halide precursor such as a hafnium chloride precursor. 

Amorphous Lanthanide Doped TiOX 

[0089] The high-k dielectric can be provided as an ALD 
formed amorphous dielectric layer of titanium oxide (TiOX) 
doped With lanthanide elements, such as samarium, 
europium, gadolinium, holmium, erbium and thulium. The 
dielectric structure is formed by depositing titanium oxide 
by atomic layer deposition onto a substrate surface using 
precursor chemicals, folloWed by depositing a layer of a 
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lanthanide dopant, and repeating to form a sequentially 
deposited interleaved structure. The leakage current of the 
dielectric layer is reduced When the percentage of the 
lanthanide element doping is optimiZed. The amorphous 
dielectric layer is formed on a substrate by atomic layer 
deposition at a predetermined temperature, such as Within a 
range of approximately 100° C. to 2500 C. The amorphous 
dielectric layer can be comprised of a plurality of individual 
titanium oxide layers, With at least one lanthanide layer 
interleaved betWeen each individual one of the titanium 
oxide layers. The dielectric layer can have a titanium to 
lanthanide ratio selected to obtain a dielectric constant value 
of from 50 to 100, and can be selected With a titanium to 
lanthanide ratio selected to obtain a leakage current of less 
than 10'8 A/cm2 and a breakdoWn voltage of greater than 2.0 
MV/cm. 

[0090] Additional information regarding titanium alumi 
num oxide ?lms can be found in Us. patent application Ser. 
No. 11/092,072, ?led Mar. 29, 2005, entitled “ALD of 
Amorphous Lanthanide Doped TiOX Films,” Which is herein 
incorporated by reference. 

Ti Gate Dielectric 

[0091] The high-k dielectric can be provided as a Ti gate 
dielectric, Which may be formed by providing a substrate 
assembly in a vacuum chamber, and forming a gate dielec 
tric on the surface, including forming a metal oxide on at 
least a portion of the surface of the substrate assembly by 
electron beam evaporation, and generating an ion beam 
using an inert gas to provide inert gas ions for contacting the 
metal oxide during formation thereof. An environment 
including oxygen (e.g. oZone) can be provided in the 
vacuum chamber to form the metal oxide in the oxygen 
environment. The metal oxide can be selected from the 
group consisting of TiO2, Y2O3, Al2O3, ZrO2, HfO2, 
Y2O3iZrO2, ZrSiO4, LaAlO3, and MgAl2O4. 
[0092] Additional information regarding titanium alumi 
num oxide ?lms can be found in Us. Pat. No. 6,495,436, 
entitled “Formation Of Metal Oxide Gate Dielectric,” Which 
is herein incorporated by reference. 

T102 

[0093] The high-k dielectric can be provided as a TiO2 
dielectric, Which can be physically vapor formed as a high 
purity metal layer over the semiconductor substrate. After 
forming such a layer, the high purity metal layer can be 
oxidiZed employing atomic oxygen generated in a high 
density plasma environment to form the dielectric material. 
The physically vapor formed high purity metal layer can 
have at least about 99.9% purity over the semiconductor 
substrate. The physical vapor formation can include electron 
beam evaporation. Prior to the electron beam evaporation, 
the vacuum chamber can be evacuated to a base pressure of 
about 1><10_7 Torr or loWer, and a loW-energy ion-bombard 
ment source is directed toWards the semiconductor substrate 
during the electron beam evaporation. A loW-energy argon 
ion-bombardment can be directed toWards the semiconduc 
tor substrate during the electron beam evaporation. The high 
purity metal layer can include tWo or more high purity 
metals, such as a metal-silicon alloy. The high purity metal 
can be selected from titanium, yttrium, Zirconium, hafnium 
and various mixtures thereof. 
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[0094] Additional information regarding TiO2 ?lms can be 
found in Us. Pat. No. 6,534,420, entitled “Methods For 
Forming Dielectric Materials and Methods for Forming 
Semiconductor Devices,” Which is herein incorporated by 
reference. 

Amorphous HfO2 
[0095] The high-k dielectric can include hafnium oxide, 
Which can be formed by forming a thin hafnium (Hf) ?lm by 
thermal evaporation at a loW substrate temperature, and 
radically oxidiZing the thin hafnium ?lm using a krypton/ 
oxygen (Kr/O2) high-density plasma to form the gate dielec 
tric layer of hafnium oxide (HfO2). The resulting gate 
dielectric layer is thermally stable in contact With silicon and 
is resistive to impurity diffusion at the HfO2/silicon inter 
face. The formation of the HfO2 eliminates the need for a 
diffusion barrier layer, alloWs thickness uniformity of the 
?eld oxide on the isolation regions, and preserves the 
atomically smooth surface of the silicon substrate. The 
hafnium layer can be formed by electron beam evaporation. 

[0096] Additional information regarding HfO2 and other 
amorphous high-k gate oxide ?lms can be found in Us. Pat. 
No. 6,514,828, entitled “Method of Fabricating a Highly 
Reliable Gate Oxide,” Which is herein incorporated by 
reference. 

CoTiO3 
[0097] The high-k dielectric can be provided by CoTiO3, 
Which can be formed from alloys such as cobalt-titanium. 
These alloys are thermodynamically stable such that the gate 
dielectrics formed Will have minimal reactions With a silicon 
substrate or other structures during any later high tempera 
ture processing stages. The underlying substrate surface 
smoothness is preserved by using a thermal evaporation 
technique to deposit the layer to be oxidiZed. A metal alloy 
layer is evaporation deposited on the body region, and the 
metal alloy layer is oxidiZed to form a metal oxide layer on 
the body region. Cobalt and titanium can be evaporation 
deposited, such as by electron beam evaporation. The evapo 
ration deposition of the metal alloy layer can be performed 
at a substrate temperature range of 100-1500 C., and the 
oxidation of the metal alloy layer can be performed at a 
temperature of approximately 4000 C. A krypton (Kr)/ 
oxygen (O2) mixed plasma can be used in the oxidiZation 
process. 

[0098] Additional information regarding HfO2 and other 
amorphous high-k gate oxide ?lms can be found in US 
Patent Publication No. 2003/0119246A1, entitled “LoW 
Temperature GroWn High Quality Ultra-Thin CoTiO3 Gate 
Dielectrics,” Which is herein incorporated by reference. 

Oxides of Group IVB Elements (e.g. ZrO2) 

[0099] The high-k gate dielectric can be formed from 
elements like Zirconium, such as ZrO2, Which are thermo 
dynamically stable such that the gate dielectric Will have 
little reaction With a silicon substrate or other structures 
during any later high temperature processing stages. The 
gate dielectric can be formed by evaporation depositing a 
metal layer on the body region, the metal being chosen from 
the group IVB elements of the periodic table, and oxidiZing 
the metal layer to form a metal oxide layer on the body 
region. The metal layer can include a Zirconium layer, Which 
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can be deposited by electron beam evaporation. The sub 
strate temperature range for the deposition can be Within a 
range of 150-4000 C. The oxidation can be performed using 
atomic oxygen or With a krypton (Kr)/oxygen (O2) mixed 
plasma, for example. 

[0100] Additional information regarding ZrO2 and other 
amorphous high-k gate oxide ?lms can be found in US 
Patent Publication No. 2003/0045078-Al, entitled “Highly 
Reliable Amorphous High-K Gate Oxide ZrO2,” Which is 
herein incorporated by reference. 

Group lllB/Rare Earth Series (Crystalline or 
Amorphous YZO3 and Gd2O3) 

[0101] The high-k dielectric can be provided using ele 
ments such as yttrium and gadolinium, Which are thermo 
dynamically stable such that the resulting gate dielectrics 
have minimal reaction With a silicon substrate or other 
structures during any later high temperature processing 
stages. The underlying substrate surface smoothness is pre 
served using a thermal evaporation technique to deposit the 
layer to be oxidiZed. The gate dielectric can be formed by 
evaporation depositing a metal layer on the body region, 
Where the metal is chosen from a group consisting of the 
group IHB elements and the rare earth series of the periodic 
table, and by oxidiZing the metal layer to form a metal oxide 
layer on the body region. The metal layer can be yttrium and 
can be gadolinium. Electron beam evaporation can be used. 
The substrate temperature for the deposition can be approxi 
mately 150-4000 C. Atomic oxygen and a krypton (Kr)/ 
oxygen (O2) mixed plasma can be used to oxidiZe the metal 
layer, for example. 

[0102] Additional information regarding gate oxides 
formed from elements such as yttrium and gadolinium can 
be found in Us. Pat. No. 6,844,203 entitled “Gate Oxides, 
and Methods of Forming,” Which is herein incorporated by 
reference. 

Praseodymium Oxide 

[0103] The gate dielectric can be provided by a praseody 
mium oxide. The Pr gate oxide is thermodynamically stable 
so that the oxide reacts minimally With a silicon substrate or 
other structures during any later high temperature processing 
stages. The underlying substrate surface smoothness is pre 
served using a thermal evaporation technique to deposit a Pr 
layer to be oxidiZed. The gate dielectric can be formed by 
evaporation depositing a praseodymium (Pr) layer on the 
body region, and oxidiZing the Pr layer to form a Pr2O3 layer 
on the body region. Electron beam evaporation can be used. 
The substrate temperature for the deposition can be in an 
approximate range of 150-4000 C. Atomic oxygen and a 
krypton (Kr)/oxygen (O2) mixed plasma can be used to 
oxidiZe the Pr layer, for example. The Pr2O3 layer can be 
formed to have an equivalent oxide thickness of less than 2 
nm. 

[0104] Additional information regarding praseodymium 
gate oxides can be found in Us. Pat. No. 6,900,122, entitled 
“Low-Temperature GroWn High-Quality Ultra-Thin 
Praseodymium Gate Dielectrics,” Which is herein incorpo 
rated by reference. 

ZrOXNY 
[0105] The high-k dielectric can be provided by a metal 
oxynitride such as ZrOXNY. The addition of nitrogen to the 
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microstructure of the gate dielectric promotes an amorphous 
phase that provides the gate dielectric With improved elec 
trical properties. The underlying substrate surface smooth 
ness is preserved by using a thermal evaporation technique 
to ?rst deposit a metal layer. The gate dielectric can be 
formed by evaporation depositing a metal layer such as a 
Zirconium layer on the body region, oxidiZing the metal 
layer, and nitriding the metal layer. Electron beam evapo 
ration can be used. The substrate temperature for the depo 
sition can be in an approximate temperature range of 150 
4000 C. Atomic oxygen and a krypton (Kr)/oxygen (O2) 
mixed plasma, for example, can be used to oxidiZe the metal 
layer. The metal layer can be annealed in NH3 at a tempera 
ture of approximately 7000 C. 

[0106] Additional information regarding ZrOXNY gate 
oxides can be found in Us. Pat. No. 6,767,795 entitled 
“Highly Reliable Amorphous High-K Gate Dielectric 
ZrOXNY,” Which is herein incorporated by reference. 

LaA1O3 
[0107] The high-k dielectric can be provided by LaAlO3. 
A LaAlO3 gate dielectric can be formed by evaporating 
AlZO3 at a given rate, evaporating La2O3 at another rate, and 
controlling the tWo rates to provide an amorphous ?lm 
containing LaAlO3 on a transistor body region. The evapo 
ration deposition of the LaAlO3 ?lm is performed using tWo 
electron guns to evaporate dry pellets of A1203 and La2O3. 
The tWo rates for evaporating the materials are selectively 
chosen to provide a dielectric ?lm composition having a 
predetermined dielectric constant ranging from the dielectric 
constant of an Al2O3 ?lm to the dielectric constant of a 
LaZO3 ?lm. Electron beam evaporation can be used. A 
predetermined dielectric constant can be achieved by con 
trolling the evaporation rates. 

[0108] Additional information regarding evaporated 
LaAlO3 gate dielectrics can be found in Us. Pat. No. 
6,893,984, entitled “Evaporated LaAlO3 Films for Gate 
Dielectrics,” Which is herein incorporated by reference. 

TiOX 
[0109] The high-k dielectric can be provided by TiOX. The 
dielectric ?lm can be formed by ion assisted electron beam 
evaporation of TiO2 and electron beam evaporation of a 
lanthanide selected from a group consisting of Nd, Tb, and 
Dy. The groWth rate is controlled to provide a dielectric ?lm 
having a lanthanide content ranging from about ten to about 
thirty percent of the dielectric ?lm. These dielectric ?lms 
containing lanthanide doped TiOx are amorphous and ther 
modynamically stable such that the lanthanide doped TiOx 
Will have minimal reaction With a silicon substrate or other 
structures during processing. 

[0110] The ?lm can be formed by evaporating TiO2 at a 
?rst rate, evaporating a lanthanide at a second rate, and 
controlling the ?rst rate and the second rate to groW a 
dielectric ?lm on a substrate, the dielectric ?lm containing 
TiOx doped With the lanthanide. The lanthanide can be 
selected from a group consisting of Nd, Tb, and Dy. Electron 
beam evaporation can be used. The rates can be controlled 
to selectively groW the dielectric ?lm doped in the range 
from about 10% to about 30% lanthanide. The rates can be 
controlled so that the dielectric ?lm has a dielectric constant 
ranging from about 50 to about 110. 
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[0111] Additional information regarding evaporated lan 
thanide doped TiOX dielectric ?lms can be found in US. Pat. 
No. 6,790,791 entitled “Lanthanide Doped TiOX Dielectric 
Films,” Which is herein incorporated by reference. 

TiOX by Kr Plasma Oxidation 

[0112] The high-k dielectric can be provided by TiOX, 
Which can be formed by ion assisted electron beam evapo 
ration of Ti, electron beam evaporation of a lanthanide 
selected from a group consisting of Nd, Tb, and Dy, and 
oxidation of the evaporated Ti/lanthanide ?lm in a Kr/oxy 
gen plasma. The groWth rate is controlled to provide a 
dielectric ?lm having a lanthanide content ranging from 
about ?ve to about forty percent of the dielectric ?lm. These 
dielectric ?lms containing lanthanide doped TiOx are amor 
phous and thermodynamically stable such that the lan 
thanide doped TiOx Will have minimal reaction With a silicon 
substrate or other structures during processing. Electron 
beam evaporation can be used. The rates can be controlled 
to provide a lanthanide doped Ti ?lm on the substrate for 
groWing a dielectric ?lm doped in the range from about 5% 
to about 40% lanthanide. The rates can be controlled to 
provide the ?lm With a dielectric constant ranging from 
about 50 to about 110. 

[0113] Additional information regarding evaporated lan 
thanide doped TiOX dielectric ?lms can be found in US. Pat. 
No. 6,884,739 entitled “Lanthanide Doped TiOX Dielectric 
Films By Plasma Oxidation,” Which is herein incorporated 
by reference. 

YiSiA) 

[0114] The dielectric can be provided by YiSi4O 
dielectrics formed by evaporation deposition techniques. 

Oxidation of Metals 

[0115] The high-k dielectric can be provided by oxidiZing 
metal. Examples of metal oxides include PbO, Al2O3, 
Ta2O5, TiO2, ZrO2, and Nb2O5. 
[0116] Additional information regarding oxidation of met 
als for high-k dielectrics can be found in US Patent Appli 
cation Publication 2003/0043637-Al entitled “Flash 
Memory With LoW Tunnel Barrier lnterpoly Insulators,” 
Which is herein incorporated by reference. 

[0117] The high-k dielectric can be provided by an HfOZ/ 
La2O3 nanolaminate structure. The dielectric can be formed 
by forming a ?rst metal-containing dielectric layer over the 
surface of the substrate, the metal comprising an element 
selected from Group IVB of the periodic table, and forming 
a second metal-containing dielectric layer over the ?rst 
metal-containing dielectric layer. For example, the ?rst 
metal-containing dielectric layer can include hafnium, and 
the second metal-containing dielectric layer comprises lan 
thanum. 

[0118] A layer of silicon dioxide can be formed to overlie 
at least one portion of the surface; and the ?rst metal 
containing dielectric layer can be formed by forming a metal 
layer over the layer of silicon dioxide, and combining metal 
of the metal layer With oxygen of the silicon dioxide layer 
to form a metal oxide dielectric material. The second metal 
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containing dielectric layer can be an element selected from 
Group IHB of the periodic table. 

[0119] According to various embodiments, the dielectric is 
formed by forming a hafnium-containing layer, forming a 
lanthanum-containing layer over the hafnium-containing 
layer, and exposing the hafnium-containing layer and the 
lanthanum-containing layer to an oxygen-comprising atmo 
sphere and heating the hafnium-containing layer and the 
lanthanum-containing layer to a temperature effective to 
form a hafnium-containing dielectric layer and a lanthanum 
containing dielectric layer. Physical vapor deposition can be 
used. The thickness of each of the hafnium-containing 
dielectric layer and the lanthanum-containing dielectric 
layer can be less than about 5 nm. The ratio of the hafnium 
thickness to the lanthanum thickness can be from about 1 to 
3 to about 1 to 4. 

[0120] Additional information regarding nanolaminates 
such as HfO2/La2O3 as high-k dielectrics can be found in US 
Patent Application Publication 2002/0l92974-Al entitled 
“Dielectric Layer Forming Method and Devices Formed 
ThereWit ,” Which is herein incorporated by reference. 

[0121] The high-k dielectric can be provided by an La2O3/ 
Hf2O3 nanolaminate. Alternate layers of hafnium oxide and 
lanthanum oxide over a substrate can be deposited to form 
a composite. The dielectric can be provided by forming one 
hafnium oxide monolayer, forming one lanthanum oxide 
monolayer, and repeating to form a plurality of single 
hafnium oxide monolayers interspersed among a plurality of 
single lanthanum oxide monolayers. Multiple hafnium oxide 
monolayers can be formed to create a hafnium oxide mul 
tilayer, and multiple lanthanum oxide monolayers can be 
formed to create a lanthanum oxide multilayer. A plurality of 
hafnium oxide multilayers can be interspersed among a 
plurality of lanthanum oxide multilayers. The hafnium oxide 
can comprise thermally stable, crystalline hafnium oxide, 
and the lanthanum oxide can comprise thermally stable, 
crystalline lanthanum oxide. 

[0122] According to various methods, at least one mono 
layer of a ?rst material is chemisorbed over a substrate, 
Where the ?rst material comprises a ?rst metal. At least some 
of the chemisorbed ?rst material is treated and an oxide of 
the ?rst metal is formed. At least one monolayer of a second 
material (second metal) is chemisorbed on the ?rst metal 
oxide. An oxide of the second metal is formed. One of the 
?rst and second metals comprises hafnium and the other 
comprises lanthanum. The ?rst material can comprise HfCl4, 
and the chemisorbed ?rst material can be treated by expo 
sure to H2O to form HfO2. The ?rst material can comprise 
La(thd)3, and the chemisorbed ?rst material can be treated 
by exposure to H2O to form La2O3. 

[0123] Additional information regarding nanolaminates 
such a La2O3/Hf2O3 as high-k dielectrics can be found in US 
Patent Application Publication 2004/0038554-Al entitled 
“Composite Dielectric Forming Methods and Composite 
Dielectrics,” Which is herein incorporated by reference. 

HfO2/ZrO2 
[0124] The high-k dielectric can be provided by a HfOZ/ 
ZrO2 nanolaminate, Which can be formed by atomic layer 
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deposition of HfO2 using a Hfl4 precursor followed by the 
formation of ZrO2 on the HfO2 layer. The HfO2 layer 
thickness is controlled by repeating for a number of cycles 
a sequence including pulsing the Hfl4 precursor into a 
reaction chamber, pulsing a purging gas into the reaction 
chamber, pulsing a ?rst oxygen-containing precursor into 
the reaction chamber, and pulsing the purging gas until the 
desired thickness is formed. These gate dielectrics contain 
ing HfO2/ZrO2 nanolaminates are thermodynamically stable 
such that the HfOZ/ZrO2 nanolaminates Will have minimal 
reaction With a silicon substrate or other structures during 
processing. 
[0125] The layer of Zirconium oxide can be formed by 
rapid thermal CVD at about 500° C. A nitrogen anneal 
betWeen about 700° C. and about 900° C. can be performed 
after the layer of Zirconium oxide is formed. The layer of 
hafnium oxide can be formed by pulsing a ?rst oxygen 
containing precursor, such as Water vapor, into the reaction 
chamber after pulsing the Hfl4 precursor into the reaction 
chamber. 

[0126] Additional information regarding nanolaminates 
such a HfO2/ZrO2 as high-k dielectrics can be found in US 
Patent Application Publication 2004/0023461-A1 entitled 
“Atomic Layer Deposited Nanolaminates of HfOZ/ZrO2 
?lms as Gate Dielectrics,” Which is herein incorporated by 
reference. 

Lanthanide Oxide/Zirconium Oxide 

[0127] The high-k dielectric can be provided by a lan 
thanide oxide/Zirconium oxide nanolaminate. According to 
various embodiments, the ZrO2 is deposited by multiple 
cycles of reaction sequence atomic layer deposition (RS 
ALD) that includes depositing a Zrl4 precursor onto the 
surface of the substrate in a ?rst pulse folloWed by exposure 
to H2O/H2O2 in a second pulse, thereby forming a thin ZrO2 
layer on the surface. After depositing the ZrO2 layer, the 
lanthanide oxide layer is deposited by electron beam evapo 
ration. The composite laminate Zirconium oxide/lanthanide 
oxide dielectric layer has a relatively high dielectric constant 
and can be formed in layers of nanometer dimensions. 

[0128] Various embodiments provide a layer of ZrO2, and 
a layer of a lanthanide oxide having a thickness of about 
2-12 nm on the ZrO2 layer. The ZrO2 layer has a thickness 
of about 1-6 nm, and the composite laminate dielectric layer 
has a thickness of about 3-18 nm. The lanthanide oxide can 

include Pr2O3, Nd2O3, Sm2O3, Gd2O3, Dy2O3 and PrTiXOY. 
According to various embodiments, the composite laminate 
dielectric layer has a dielectric constant betWeen about 12 
and about 23. The ZrO2 layer can be formed by atomic layer 
deposition from a Zrl4 precursor folloWed by oxidation With 
H2O/H2O2, and the lanthanide oxide layer can be formed by 
electron beam evaporation of a lanthanide oxide. 

[0129] Additional information regarding nanolaminates 
such a lanthanide oxide/Zirconium oxide as high-k dielec 
trics can be found in US Patent Application Publication 
2005/0077519-A1 entitled “Lanthanide Oxide/Zirconium 
Oxide Atomic Layer Deposited Nanolaminate Gate Dielec 
trics,” Which is herein incorporated by reference. 

Lanthanide Oxide/Hafnium Oxide 

[0130] The high-k dielectric can be provided by a lan 
thanide oxide/hafnium oxide nanolaminate, such as can be 
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formed by forming a layer of hafnium oxide by atomic layer 
deposition and forming a layer of a lanthanide oxide by 
electron beam evaporation. According to various embodi 
ments, the combined thickness of lanthanide oxide layers is 
limited to betWeen about 2 nm and about 10 nm. Multilayers 
of hafnium oxide can be formed, Where each layer of 
lanthanide oxide is limited to a thickness betWeen about 2 
nm and 10 nm. Some embodiments limit the combined 
thickness of hafnium oxide layers to a thickness betWeen 
about 2 nm and about 10 nm. The lanthanide oxide can 

include Pr2O3, Nd2O3, Sm2O3, Gd2O3, and Dy2O3. The 
substrate temperature for the deposition can range betWeen 
about 100° C. to about 150° C. The hafnium oxide can be 
formed using a Hfl4 precursor, and the lanthanide oxide can 
be formed on the layer of hafnium oxide by electron beam 
evaporation. 
[0131] Additional information regarding nanolaminates 
such a lanthanide oxide/hafnium oxide as high-k dielectrics 
can be found in US Patent Application Publication 2005/ 
0020017-A1 entitled “Lanthanide Oxide/Hafnium Oxide 
Dielectric Layers,” Which is herein incorporated by refer 
ence. 

Lanthanide Oxide/Hafnium Oxide 

[0132] The high-k dielectric can be provided by a lan 
thanide oxide/hafnium oxide nanolaminate. The hafnium 
oxide can be formed by chemical vapor deposition and the 
lanthanide oxide can be formed by electron beam evapora 
tion. Forming the layer of hafnium oxide by chemical vapor 
deposition using precursors that do not contain carbon 
permits the formation of the dielectric layer Without carbon 
contamination. Various embodiments limit a combined 
thickness of lanthanide oxide layers to a thickness ranging 
from about 2 nm to about 10 nm. Various embodiments 
provide a multilayer of lanthanide oxide, With each layer of 
lanthanide oxide having a thickness ranging from about 2 
nm to about 10 nm. Various embodiments limit a combined 
thickness of hafnium oxide layers to a thickness ranging 
from about 2 nanometers to about 10 nanometers. The 
lanthanide oxide can be selected from Pr2O3, Nd2O3, 
Sm2O3, Gd2O3, and Dy2O3. The substrate can be maintained 
at a temperature ranging from about 100° C. to about 150° 
C. during electron beam deposition and the substrate can be 
maintained at a temperature ranging from about 200° C. to 
about 400° C. during chemical vapor deposition. The dielec 
tric layer can be formed by forming a layer of hafnium oxide 
on a substrate by chemical vapor deposition using a 
Hf(NO3)4 precursor, and forming a layer of a lanthanide 
oxide on the layer of hafnium oxide by electron beam 
evaporation. 
[0133] Additional information regarding nanolaminates 
such a lanthanide oxide/hafnium oxide as high-k dielectrics 
can be found in US Patent Application Publication 2004/ 
0262700-A1 entitled “Lanthanide Oxide/Hafnium Oxide 
Dielectrics,” Which is herein incorporated by reference. 

PrOX/ZrO2 

[0134] The high-k dielectric can be provided by a PrOX/ 
ZrO2 nanolaminate. The nanolaminate layered dielectric 
structure is formed by depositing praseodymium by atomic 
layer deposition onto a substrate surface using precursor 
chemicals, folloWed by depositing Zirconium onto the sub 



US 2007/0045752 A1 

strate using precursor chemicals, and repeating to form the 
thin laminate structure. The dielectric layer can be formed 
using either a reaction sequence atomic layer deposition, a 
metallo-organic chemical vapor deposition, or a combina 
tion thereof. The praseodymium oxide layer includes form 
ing an amorphous oxide including Pr6Ol 1, Pr2O3, PrO3, and 
PrO2, and combinations thereof. The Zirconium oxide layer 
can include an amorphous oxide including ZrO, ZrO2, and 
combinations thereof. 

[0135] Each individual one of the praseodymium oxide 
layers can be less than or equal to tWo monolayers in 
thickness, or can be a continuous monolayer. The resulting 
monolayer has a root mean square surface roughness that is 
less than one tenth of the layer thickness. The thickness of 
the praseodymium oxide layer and the Zirconium oxide layer 
can be selected to provide the dielectric structure With a 
dielectric constant greater than 30. The dielectric ?lm can be 
formed at a temperature of less than 350° C. The dielectric 
?lm can be formed using a precursor material comprising a 
formula Pr(OCMe2CH2Me)3. 

[0136] Additional information regarding nanolaminates 
such a lanthanide oxide/hafnium oxide as high-k dielectrics 
can be found in Us. patent application Ser. No. 11/010,766, 
?led Dec. 13, 2004 entitled “Hybrid ALD-CVD of PrXOY/ 
ZrO2 Films as Gate Dielectrics,” Which is herein incorpo 
rated by reference. 

[0137] The high-k dielectric can be provided by a hafnium 
nitride (Hf3N4)/hafnium oxide (HfO2) nanolaminate. At 
least one hafnium oxide layer and at least one hafnium 
nitride layer form the nanolaminate. Both the hafnium oxide 
and the hafnium nitride can be formed using atomic layer 
deposition. The dielectric layer can include an amorphous 
dielectric that includes HfO2, Hf3N4, and combinations 
thereof. 

[0138] The hafnium oxide layer can be comprised of a 
plurality of individually deposited hafnium oxide layers, 
Where each individual one of the hafnium oxide layers is less 
than or equal to tWo monolayers in thickness. Each indi 
vidual one of the hafnium oxide layers can be a continuous 
monolayer. Each individual one of the hafnium oxide layers 
can have a thickness Within a range from 1.3 to 1.5 A. The 
resulting dielectric layer can have a root mean square 
surface roughness that is less than one tenth of the layer 
thickness. A ratio of a thickness of hafnium oxide to a 
thickness of hafnium nitride can be selected to result in a 
dielectric constant of the dielectric ?lm of greater than 20. 
Some embodiments separate the dielectric ?lm from the 
substrate by a diffusion barrier. The dielectric ?lm can be 
formed at a temperature less than 300° C. 

[0139] Hf[(CH3)2]4 can be used as a precursor and Water 
vapor can be used as a reactant to form the hafnium oxide 
in a deposition process With a temperature betWeen 250° C. 
to 300° C. HfCl4 can be used as a precursor and Water vapor 
can be used as a reactant to form the hafnium oxide in a 

deposition process With a temperature of approximately 
300° C. Hf[(CH3)2]4 can be used as a precursor and ammo 
nia (NH3) can be used as a reactant to form the hafnium 
oxide in a deposition process With a temperature of approxi 
mately 250° C. Various embodiments provide the hafnium 
nitride and hafnium oxide ?lm as a continuous layer With a 
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root mean square surface roughness of less than 10 A and a 
current leakage rate of less than 5><10_7 amps per cm2 at an 
electric ?eld strength of 1 megavolt per cm. 

[0140] Additional information regarding nanolaminates 
such a lanthanide oxide/hafnium oxide as high-k dielectrics 
can be found in Us. patent application Ser. No. 11/063,717 
?led Feb. 23, 2005 entitled “Atomic Layer Deposition of 
Hf3N4/HfO2 Films as Gate Dielectrics,” Which is herein 
incorporated by reference. 

[0141] The high-k dielectric can be provided by a Zr3N4/ 
ZrO2 nanolaminate. Atomic layer deposition can be used to 
form at least one Zirconium oxide layer and at least one 
Zirconium nitride layer. The dielectric layer can include an 
amorphous dielectric that includes ZrO2, Zr3N4, and com 
binations thereof. The Zirconium oxide layer can be com 
prised of a plurality of individually deposited Zirconium 
oxide layers, Where each individual one of the Zirconium 
oxide layers is less than or equal to tWo monolayers in 
thickness. Each individual one of the Zirconium oxide layers 
can be a continuous monolayer With a step coverage of 
greater than 90% over 90 degree angle steps. In various 
embodiments, each individual one of the Zirconium oxide 
layers has a thickness Within a range from 1.3 to 1.5 A. Some 
embodiments provide the dielectric layer With a root mean 
square surface roughness that is less than one tenth of the 
layer thickness. A ratio of a thickness of Zirconium oxide to 
a thickness of Zirconium nitride can be selected to result in 
a dielectric constant of the dielectric ?lm of greater than 20. 
A diffusion barrier can separate the dielectric ?lm from the 
substrate. The dielectric ?lm can be formed at a temperature 
of betWeen 275° C. to 325° C. Zrl4 can be used as a 
precursor, and Water vapor and hydrogen peroxide can be 
used as reactants to form Zirconium oxide in a deposition 
process Where the temperature is betWeen 325° C. to 500° C. 
ZrCl4 can be used as a precursor, and Water vapor can be 
used as a reactant to form Zirconium oxide in a deposition 
process Where the temperature is approximately 300° C. 
Zr[(CH3)2]4, can be used as a precursor and ammonia (NH3) 
can be used as a reactant to form Zirconium oxide in a 

deposition process Where the temperature is approximately 
250° C. The Zirconium nitride and Zirconium oxide ?lm can 
each be a continuous layer having a root mean square 
surface roughness of less than 5 A and a current leakage rate 
of less than 1.1><10_7 amps per cm2 at an electric ?eld 
strength of 1 megavolt per cm. 

[0142] Additional information regarding nanolaminates 
such a Zr3N4/ZrO2 oxide as high-k dielectrics can be found 
in Us. patent application Ser. No. 11/058,563, ?led Feb. 15, 
2005 entitled “Atomic Layer Deposition of Zr3N4/ZrO2 
Films as Gate Dielectrics,” Which is herein incorporated by 
reference. 

TiO2/CeO2 

[0143] The high-k dielectric can be provided by a TiOZ/ 
CeO2 nanolaminate using ALD processes. 

Wafer Level 

[0144] FIG. 3 illustrates a Wafer 340, upon Which the 
transistors With self aligned metal gates can be fabricated 
according to embodiments of the present subject matter. A 
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common Wafer size is 8 inches in diameter. However, Wafers 
are capable of being fabricated in other siZes, and the present 
subject matter is not limited to Wafers of a particular siZe. A 
number of dies can be formed on a Wafer. A die 341 is an 
individual pattern, typically rectangular, on a substrate that 
contains circuitry to perform a speci?c function. A semi 
conductor Wafer typically contains a repeated pattern of such 
dies containing the same functionality. A die is typically 
packaged in a protective casing (not shoWn) With leads 
extending therefrom (not shoWn) providing access to the 
circuitry of the die for communication and control. 

System Level 

[0145] FIG. 4 illustrates a simpli?ed block diagram of a 
high-level organiZation of an electronic system that includes 
the transistor With the self aligned metal gate, according to 
various embodiments. In various embodiments, the system 
450 is a computer system, a process control system or other 
system that employs a processor and associated memory. 
The electronic system 450 has functional elements, includ 
ing a processor or arithmetic/logic unit (ALU) 451, a control 
unit 452, a memory device unit 453 and an input/output 
(l/O) device 454. Generally such an electronic system 450 
Will have a native set of instructions that specify operations 
to be performed on data by the processor 451 and other 
interactions betWeen the processor 451, the memory device 
unit 453 and the I/O devices 454. The control unit 452 
coordinates all operations of the processor 451, the memory 
device 453 and the I/O devices 454 by continuously cycling 
through a set of operations that cause instructions to be 
fetched from the memory device 453 and executed. Accord 
ing to various embodiments, the memory device 453 
includes, but is not limited to, random access memory 
(RAM) devices, read-only memory (ROM) devices, and 
peripheral devices such as a ?oppy disk drive and a compact 
disk CD-ROM drive. As one of ordinary skill in the art Will 
understand upon reading and comprehending this disclosure, 
any of the illustrated electrical components are capable of 
being fabricated to include a transistor With a self aligned 
metal gate in accordance With the present subject matter. 

[0146] FIG. 5 illustrates a simpli?ed block diagram of a 
high-level organiZation of an electronic system that includes 
transistors With self aligned metal gates, according to vari 
ous embodiments. The system 560 includes a memory 
device 561 Which has an array of memory cells 562, address 
decoder 563, roW access circuitry 564, column access cir 
cuitry 565, read/Write control circuitry 566 for controlling 
operations, and input/output circuitry 567. The memory 
device 561 further includes poWer circuitry 568, and sensors 
569 for determining the state of the memory cells. The 
illustrated poWer circuitry 568 includes poWer supply cir 
cuitry, circuitry for providing a reference voltage, circuitry 
for providing the Word line With pulses, and circuitry for 
providing the bit line With pulses. Also, as shoWn in FIG. 5, 
the system 560 includes a processor 570, or memory con 
troller for memory accessing. The memory device receives 
control signals from the processor over Wiring or metalli 
Zation lines. The memory device is used to store data Which 
is accessed via l/O lines. It Will be appreciated by those 
skilled in the art that additional circuitry and control signals 
can be provided, and that the memory device has been 
simpli?ed. At least one of the processor or memory device 
includes the transistor With the self aligned metal gate 
according to the present subject matter. 
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[0147] The illustration of system 560, as shoWn in FIG. 5, 
is intended to provide a general understanding of one 
application for the structure and circuitry of the present 
subject matter, and is not intended to serve as a complete 
description of all the elements and features of an electronic 
system. As one of ordinary skill in the art Will understand, 
such an electronic system can be fabricated in single 
package processing units, or even on a single semiconductor 
chip, in order to reduce the communication time betWeen the 
processor and the memory device. 

[0148] Applications containing transistors With self 
aligned metal gates on high-k dielectrics, as described in this 
disclosure, include electronic systems for use in memory 
modules, device drivers, poWer modules, communication 
modems, processor modules, and application-speci?c mod 
ules, and may include multilayer, multichip modules. Such 
circuitry can further be a subcomponent of a variety of 
electronic systems, such as a clock, a television, a cell 
phone, a personal computer, an automobile, an industrial 
control system, an aircraft, and others. 

[0149] This disclosure includes several processes, circuit 
diagrams, and structures. The present invention is not lim 
ited to a particular process order or logical arrangement. 
Although speci?c embodiments have been illustrated and 
described herein, it Will be appreciated by those of ordinary 
skill in the art that any arrangement Which is calculated to 
achieve the same purpose may be substituted for the speci?c 
embodiments shoWn. This application is intended to cover 
adaptations or variations. It is to be understood that the 
above description is intended to be illustrative, and not 
restrictive. Combinations of the above embodiments, and 
other embodiments, Will be apparent to those of skill in the 
art upon revieWing the above description. The scope of the 
present invention should be determined With reference to the 
appended claims, along With the full scope of equivalents to 
Which such claims are entitled. 

What is claimed is: 
1. An integrated circuit structure, comprising: 

a substrate; 

a high-k gate dielectric over the substrate, the high-k gate 
dielectric having a dielectric constant greater than the 
dielectric constant of silicon dioxide; 

a self-aligned metal gate in contact With and over the gate 
dielectric; and 

source and drain regions Within the substrate, the source 
and drain regions formed by: 

forming sacri?cial carbon sideWall spacers adjacent to 
a sacri?cial carbon gate to be replaced by the self 
aligned metal gate; 

implanting and annealing the source/drain regions; 

removing the sacri?cial carbon sideWall spacers; and 

forming source/drain extensions. 
2. The structure of claim 1, Wherein the self-aligned metal 

gate includes aluminum. 
3. The structure of claim 1, Wherein the self-aligned metal 

gate includes tungsten. 
4. The structure of claim 1, Wherein the self-aligned metal 

gate includes molybdenum. 
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5. The structure of claim 1, wherein the self-aligned metal 
gate includes gold. 

6. The structure of claim 1, Wherein the self-aligned metal 
gate includes silver. 

7. The structure of claim 1, Wherein the self-aligned metal 
gate includes gold alloy. 

8. The structure of claim 1, Wherein the self-aligned metal 
gate includes silver alloy. 

9. The structure of claim 1, Wherein the self-aligned metal 
gate includes copper. 

10. The structure of claim 1, Wherein the self-aligned 
metal gate includes platinum. 

11. The structure of claim 1, Wherein the self-aligned 
metal gate includes rhenium. 

12. The structure of claim 1, Wherein the self-aligned 
metal gate includes ruthenium. 

13. The structure of claim 1 
metal gate includes rhodium. 

14. The structure of claim 1 
metal gate includes nickel. 

15. The structure of claim 1 
metal gate includes osmium. 

16. The structure of claim 1 
metal gate includes palladium. 

17. The structure of claim 1 
metal gate includes iridium. 

18. The structure of claim 1 
metal gate includes cobalt. 

19. The structure of claim 1, Wherein the self-aligned 
metal gate includes germanium. 

20. The structure of claim 1, Wherein the high-k dielectric 
includes one or more monolayers of a high-k dielectric 
material. 

21. The structure of claim 1, Wherein the high-k dielectric 
includes a nanolaminate of tWo or more high-k dielectrics. 

22. An integrated circuit structure, comprising: 

Wherein the self-aligned 

Wherein the self-aligned 

Wherein the self-aligned 

Wherein the self-aligned 

Wherein the self-aligned 

Wherein the self-aligned 

a substrate; 

a high-k gate dielectric on the substrate; 
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a self-aligned metal gate over the gate dielectric, Wherein 
the self-aligned metal gate is formed by replacing a 
sacri?cial carbon gate; and 

source and drain regions Within the substrate, Wherein the 
source and drain regions are formed by using sacri?cial 
carbon sideWall spacers adjacent to the sacri?cial car 
bon gate during implanting and annealing the source 
and drain regions. 

23. The structure of claim 22, further comprising: 

source/drain extensions, Wherein the source/drain exten 
sions are implanted after removing the sacri?cial car 
bon sideWall spacers. 

24. The structure of claim 22, Wherein the high-k gate 
dielectric includes aluminum oxide. 

25. The structure of claim 22, Wherein the high-k gate 
dielectric includes titanium oxide. 

26. The structure of claim 22, Wherein the high-k gate 
dielectric includes yttrium oxide. 

27. An integrated circuit structure, comprising: 

a substrate; 

a gate dielectric over the substrate; 

a metal gate over the gate dielectric; and 

source and drain regions Within the substrate, the source 
and drain regions including source and drain exten 
sions, Wherein the source and drain extensions are 
formed after removing sacri?cial carbon sideWall spac 
ers adjacent to a sacri?cial carbon gate, the sacri?cial 
carbon gate subsequently replaced by the metal gate. 

28. The structure of claim 27, Wherein the gate dielectric 
includes a high-k gate dielectric. 

29. The structure of claim 28, the gate dielectric includes 
Zirconium silicon oxide. 

30. The structure of claim 27, Wherein the metal gate 
includes a self-aligned metal gate. 

* * * * * 


