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(57) Abstract: A method is provided for forming a high-k gate stack with a reduced effective oxide thickness (EOT) for a semi-
conductor device. The method includes providing a silicon-containing substrate, forming an interface layer on the silicon-contain-
ing substrate, where the interface layer has a first equivalent oxide thickness, depositing a first high-k film on the interface layer,
and heat-treating the first high-k film and the interface layer at a temperature that forms a modified interface layer, where the mod-
ified interface layer has a second equivalent oxide thickness that is equal to or lower than the first equivalent oxide thickness. The
method further includes depositing a second high-k film on the moditied interface layer. According to one embodiment, the first
high-k film includes lanthanum oxide and the second high-k film includes hathium silicate.



WO 2010/111453 PCT/US2010/028597

METHOD FOR FORMING A HIGH-k GATE STACK WITH REDUCED EFFECTIVE
OXIDE THICKNESS

FIELD OF INVENTION
[0001]  The present invention relates {0 the field of integrating high dielectric
constant {high-kK) films into semiconductor manufacturing, and more particularly to

methods for reducing effective oxide thickness {EQT) in high-k gate dielectric stacks.

BACKGROUND OF THE INVENTION
[0002] Recent advances in microelectronics have included the use of high-k films
in gate dielectric stacks for logic applications. To increase device reliability and
reduce electron leakage from the gate slectrode to the transistor channel,
semiconductor transistor technology is introducing high dielectric constant {(high-k)
materials that allow increased physical thickness of the gate dielectric layer.
Dielectric materials featuring a dielectric constant greater than that of SiO; (k~3.9)
are commonly refarred to as high-k materials. An early motivation for seeking high-k
films for use in metal-oxide field effect transistors (MOSFETs) was one of simply
reducing the leakage current without reducing the film capacitance. Furthermore, for
many applications, the high-k films need 1o have the electrical equivalent of a Si0;
layer having a physical thickness, T,,, of about 1 nm.
[0603] The presence of a thin dielectric interface layer between a high-k film and
an underlying substirate may be highly beneficial to preserve interface state
characteristics and form an interface with good elecirical propedies. The quality of
the interface layer can affect device performance, as the interface iayer is intimately
connected to the channel of the transistor. However, the presence of an interface
laver lowers the overall dielectric constant of the gate stack and, therefore, the
interface layer may need to be thin.
[0004]  Many high-k films can catalytically promote growth of a thick interfacial
Si0, layer between the high-k film and a Si substrate during deposition of the high-k
film and/or during post-deposition annealing, thereby increasing To« 10 unacceptable
levels, When a capacitance corresponding to a total Si0; thickness of about one nm
is needed for the replacement of SiO; gate dielectric in MOSFETs with a high-k film,
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such fow-K reaction layers in series with the desired high-k film, ¢an rapidly nullify the
benefits of the high-k film.
[0005]  Accordingly, further developments are required o solve these and other

problems associated with integration of high-k films into semiconductor devices.

SUMMARY OF THE INVENTION
[0008] A method is provided for forming a high-k gate stack with a reduced
effective oxide thickness (EQT).
[0607] According to an embodiment of the invention, a method is provided for
forming a gate dielectric stack for semiconductor device. The method includes
providing a silicon-containing substrate, and forming an interface layer on the silicon-
containing subsirate, where the interface layer has a first equivalent oxide thickness.
The method further includes depositing a first high-k film on the interface layer, and
heat-treating the first high-k film and the interface layer at a temperature that forms a
madified interface {ayer having a second eguivalent oxide thickness that is equal {o
or lower than the first equivalent oxide thickness. The method still further includes
depositing a second high-k film on the modified interface layer.
[0008] According to an embodiment of the invention, a method is provided for
forming a gate dielectric stack for a semiconductor device. The method includes
providing a silicon-containing substrate, forming a silicon oxide interface layer on the
sificon-containing substrate, where the silicon oxide interface fayer has a first
equivalent oxide thickness. The method further includes depositing a rare earth-
based first high-K film on the silicon oxide interface laver, and heal-treating the rare
garth-based first high-k film and the interface layer at a temperature that forms a
madified interface laver having a second equivalent oxide thickness that is equal fo
or lower than the first eguivalent oxide thickness. The method still further includes
depositing a hafnium-oxygen-based high-k film on the modified interface layer and
optionally nitriding at least a portion of a thickness of the hafnium-oxygen-based
high-k film.
[0009]  According to another embodiment of the invention, the method includes

providing a silicon-containing substrate, forming a silicon oxide interface layer on the



WO 2010/111453 PCT/US2010/028597

silicon-containing substrate, where the silicon oxide interface layer has a first
equivalent oxide thickness. The method further includes depositing a lanthanum
oxide first high-k film on the silicon oxide interface layer, heat-treating the {anthanum
oxide first film and the silicon oxide interface layer at a temperature that forms a
modified interface iayer having a second squivalent oxide thickness that is equal to
or lower than the first equivalent oxide thickness. The method still further includes
depositing a second high-k film on the modified interface layer and optionaily

nitriding at least a portion of a thickness of the second high-k film,

BRIEF DESCRIPTION OF THE DRAWINGS
[6010] A more complete appreciation of the invention and many of the attendant
advantages thereof wili be readily obtained as the same becomes better understood
by reference to the following detailed description when considered in connection with
the accompanying drawings, wherein:
[0011] FIGS. 1A — 11 schematically show cross-sectional views of forming a high-
k gate stack with reduced EQT according to an embodiment of the invention;
[0012] FIG. 2A shows leakage current (Jg) as a function of EOT for high-k gate
stacks containing HISION films and different thicknesses of lanthanum oxide high-k
films according fo embodiments of the invention;
[0013] FIG. 2B shows EQT as a function of flat band voltage (V) for high-k gate
stacks containing HISION films and different thicknesses of lanthanum oxide high-k
films according 1o embodiments of the invention;
[0014] FIG. 3A shows J4 as a function of EOT for high-k gate stacks containing
HISION films and lanthanum oxide high-k films heat-treated at different temperatures
prior to deposition of the HISION films according to embodiments of the invention;
[0015] FIG. 3B shows EOT as a function of Vg, for high-k gate stacks containing
HFSION films and lanthanum oxide high-k films heat-treated at different temperatures
prior to deposition of the HISION films according to embodiments of the invention;
[0018] FIG. 4 is a process flow diagram for forming a high-k gate stack with
reduced EOT according to an embodiment of the invention;
[00171 FIG. 5 is a schematic diagram of a vacuum processing tool for forming a

high-k gate stack with reduced EOT according to embodiments of the invention; and
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[0018] FIGS. 6A and 6B illustrate processing systems for depositing high-k

materials on a substrate according to embodiments of the invention.

DETAILED DESCRIPTION OF SEVERAL EMBODIMENTS
[0019] Methods for forming high-k gate stacks with low EOTs for semiconductor
manufacturing are disclosed in various embodiments. EOT is a number that is
frequently used to compare performance of high-k based MOS devices with the
performance of Si0O; based MOS devices, where EQT represents the thickness of a
SiQ; gate dielectric film needed to obtain the same gate capacitance as a thicker
high-k film.
[6020] As described above, many high-k films can catalytically promote growth of
a thick interfacial Si0; layer between a high-k film and a Si substrate during
deposition of the high-k film and/or during post-deposition annealing, thereby
increasing Tox 10 unacceptable levels and rapidly nullifying the benefits of the high-k
film. The current inventors have realized that proper heat-treating of a rare earth-
based first high-k film deposited on an interface layer in a gate stack prior to
depositing a second high-k film, unexpectedly provides EQOT scaling (EOT decrease)
for the high-k gate stack. This results in a high-k stack that is physically thicker but
electronically thinner when compared to the same gate stack without the proper
heal-treating. The high-k gate stack further provides a shift to lower flat band vollage
{(Va), @s may be desirable for a negative carrier field effect transistor (NFET).
[0021]  According to an embodiment of the invention, a method is provided for
forming a gate dislectric stack for semiconductor device. The method includes
providing a silicon-containing substrate, forming an interface layer on the silicon-
containing substrate, where the interface layer has a first equivalent oxide thickness,
depaositing a first high-k film on the interface layer, and heat-treating the first high-k
film and the interface layer at a temperature that forms a modified interface layer
having a second equivalent oxide thickness that is equal {0 or lower than the first
equivalent oxide thickness. The method further includes depositing a second high-k
film on the modified interface layer. According {o some embodiments of the
invention, the first high-k film, the second high-k film, or both the first and second
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high-k film, can contain an alkaline earth element, titanium, hafnium, or a rare earth
element, or any combination of two or more thereof.

[0022] According to an embodiment of the invention, the method includes
providing a silicon-containing substrate, forming an interface layer on the silicon-
containing subsirate, where the interface layer has a first equivalent oxide thickness,
depositing a rare earth-based first high-k film on the interface layer, and heat-treating
the rare earth-based first high-k film and the interface layer at a temperature to form
a modified interface layer having a second equivalent oxide thickness that is equal to
or lower than the first eguivalent oxide thickness. The method further includes
depositing a second high-k film on the modified inlerface layer and optionally
nitriding at least a portion of a thickness of the second high-k film.

[0023] One skilled in the relevant art will recognize that the various
embodiments may be practiced without one or more of the specific delails described
herein, or with other replacement and/or additional methods, materials, or
components. In other instances, well-known structures, materials, or operations are
not shown or described in detail herein to aveid obscuring aspecis of various
embodiments of the invention. Similarly, for purposes of explanation, specific
numbers, materials, and configurations are set forth herein in order to provide a
thorough understanding of the invention. Furthermore, it is understood that the
various embodiments shown in the figures are illustrative representations and are
not necessarily drawn 1o scale.

[0024] Reference throughout this specification {o “one embodiment” or “an
embodiment” means that a particular feature, structure, matenial, or characteristic
described in connection with the embodiment is included in at least one embodiment
of the invention, but does not denote that they are present in every embodiment.
Thus, the appearances of the phrases “in one embodiment” or “in an embodiment” in
various places throughout this specification are not necessarily referring to the same
embodiment of the invention.

[0025] FIGS. 1A~ 11 schematically show cross-sectional views of forming a high-~
k gate stack with reduced EOT according to an embodiment of the invention. FIG,
1A schematically shows a silicon-containing substrate 102 containing an interface

layer 104. The substrate 102 can be of any size, for example a 200 mm substrate, a
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300 mm substrate, or an even larger substrate. According to one embodiment, the
substrate 102 can contain Si, for example crystalline Si, polyerystalliine Si, or
amorphous Si. In one example, the substrate 102 can be a tensile-strained Si layer.
According to another embodiment, the substrate 102 may contain Ge or SixGeq.
compounds, where x is the atomic fraction of Si, 1-x is the atomic fraction of Ge, and
0 < {(1-x) < 1. Exemplary SikGe.« compounds include Sip1Gegs, SipaGegs, SipaGeny,
Sig4Geg s, SigsGeos, SlesGerog, SinrGeas, SinsGegs, and SizeGag+. In one example,
the substrate 102 can be a compressive-strained Ge layer or a fensile-strained
SiGeey (x=0.5) deposited on a relaxed SigsGeq s buffer layer.

[0026] The interface laver 104 can contain silicon oxide {e.g., SiQ,, where x is
equatl to or less than 2), silicon nitride, silicon oxynitride, or a combination thereof. In
one example, the interface layer 104 can contain high mobility, low defect SiQ;. The
interface layer 104 can have a thickness between about 5 angstrom and about 15
angstrom, between about 6 angstrom and about 10 angstrom, for example about 8
angstrom. The interface layer 104 may be formed on a clean substrate 102.
Cleaning of the substrate 102 may be performed in a liquid bath containing dilute
hydrofiuoric acid (HF) or, alternatively, by HF gas phase elching. The dilute HF
fiquid solution can be a HO:HF {e.g., a 50:1) mixture. Following the HF cleaning
process, the substrate 102 may be rinsed in de-ionized (D 1) water. The interface
layer 104 may contain a chemical oxide layer formed by oxidizing a surface of a
monocrystalline silicon substrate 102 following removal of a native oxide layer. The
chemical oxide layer may be formed in an agueous bath containing deionized (D)
water and ozone (O3}, for example. The chemical oxide layer can be of high purity
and can have a thickness between about 6 angstrom and about 15 angstrom. The
chemical oxide layer passivates the underlying unoxidized portion of the
monocrystalline silicon substrate 102 and forms a barrier 10 native oxide formation
upon air exposure. Following formation of the chemical oxide layer, the subsirate
102 is removed from the aqueous solution and dried, for example by a combination
of isopropy! alcohol application and spin-drying. The presence of the chemical oxide
laver on the substrate 102 limits buildup of atmospheric contaminants {e.g., organic
contaminants) to the exposed surface of the chemical oxide layer upon transferring

the substrate 102 from the aqueous solution to a vacuum processing fool for further
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processing. According to other embodiments, a ¢lean substrate 102 may be
transferred to the vacuum processing tool and the interface layer 104 formed in the
vacuum processing tool.

[0027] FIG. 1B schematically shows a rare earth-based first high-k film 106
deposited on the interface layer 104. The rare earth-based first high-k film 106 can
include an oxide, nitride, or oxynitride film containing yitrium {Y), futetium {Lu),
fanthanum {La), cerium (Ce), prasecdymium (Pr}, neodymium {Nd), samarium (Sm),
europium (Eu), gadolinium (Gd), terbium (Th), dysprosium (Dy), holmium {(Ho),
erbium (Er}, thulium (Tmj), or yiterbium {Yb}, or any combinations of two or more
thereof. Examples of rare earth oxide high-k films include lanthanum oxide (Laz03),
futetium oxide {Luz03), and lanthanum lutetium oxide (LaluQ3). A thickness of the
rare earth-based first high-k film 106 can be, for example, between about 2 angstrom
and about 30 angstrom, between about & angstrom and about 20 angstrom, or
between about 5 angstrom and about 10 angstrom. The rare earth-based first high-k
film 106 may be, for example, deposited by chemical vapor deposition {CVD}, atomic
laver deposition {ALD), plasma-enhanced CVD (PECVD), or plasma-enhanced ALD
{PEALD). According to one embodiment of the invention, ALD or PEALD methods
may be utilized due to normally superior uniformity and atomic level thickness controd
compared to CVD and PECVD methods.

[0028] According {0 one embodiment of the invention, first high-k fiim 106 can
contain an alkaline earth element, titanium, hafnium, or a rare earth element, or any
combination of two or more thereof. According to some embodiments, the first high-
k film 106 may contain an element selected from the Periodic Table of the Elements
that is capable of forming a high-k film, for example an oxide film, a nitride film, or an
oxynitride film. In one example, the element capable of forming a high-k film may

react with the interface layer 104 and form a high-k film.

[0029] In FIG. 1C, arrows 108 represent heat-treating of the rare earth-based first
high-k film 106 and interface layer 104. According to emboediments of the invention,
the heat-treating includes heating the rare earth-based first high-k film 106 and the
interface layer 104 at a temperature that forms a modified interface layer 110
depicted in FIG, 1D. The modified interface layer 110 has an equivalent oxide

thickness that is egqual fo or lower than the equivalent oxide thickness of the interface
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fayer 104 shown in FIG. 1A, The heat-treating may be performed for a time period
between about 10 seconds and 600 seconds, for example about 300 seconds. The
heat-treating may be performed under substantially oxygen-free reduced pressure
conditions with or without the use of an inert gas. In one exampie, the heat-reating
may be performed in an inert atmosphere at a pressure less than 100 Tomr with less
than 0.1% O, gas in the inert atmosphere. In one example, the heat-treating may be
performed at a pressure below TmTorr, below 0.1 mTorr, or below 0.01 mTorr, in the
absence of an inert gas. When an inert gas is used, the inert gas may be selected
from Nz gas and the noble gases. Exemplary heat-treating conditions that use an
inert gas may include an inert gas pressure in a range from about 1 miorr to about
100 Torr, or in a range from about 100 m Torr to about 10 Torr. However,
embodiments of the invention are not limited by these heat-treating conditions as
other heat-treating conditions may be utilized.

[0030] in one example, the substrate 102 may contain monocrystalline silicon,
the interface layer 104 may contain Si0O;, the rare earth-based first high-k film 106
may contain La;0;, and the heat-treating temperature may be equal to or greater
than 900°C. itis to be understood, however, that the heat-treating temperature may
be selected such that low EOT is achieved for a particular rare earth-based first high-
k fitm 106 deposited on a particutar interface layer.

[0031] FIG. 1E shows a second high-k film 112 deposited on the modified
interface layer 110. The second high-k film 112 can, for example, contain hafnium,
zirconium, or hainium and zirconium, including hafnium oxide {HfO;), hafnium
oxynitride (HfON), hafnium silicate (HfSIO), hafnium silicon oxynifride (HISION),
zirconium oxide (ZrQ.), zirconium oxynitride (ZrON}, zirconium silicate (ZrSiO),
zirconium silicon oxynitride (ZrSiON), hafnium zirconium oxide (HiZrO,), hafnium
zirconium oxynitride (HEZrON), hafnium zirconium silicate (HEZrSIiO), or hafium
zirconium silicon oxynitride {HfZrSiON), or a combination of two or more thereof. A
thickness of the second high-k film 112 can be, for example, between about 10
angstrom and about 100 angstrom, between about 15 angstrom and about 50
angstrom, or between about 20 angstrom and about 40 angstrom. The second high-
k film 112 may be, for example, deposited by CVD, ALD, PECVD, or PEALD.
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[0032] According 1o one embodiment of the invention, the second high-k film 112
may contain an alkaline earth element, titanium, hafnium, zirconium, or a rare earth
element, or any combination of two or more thereof,

[0033] According to some embodiments of the invention, at least a portion of a
thickness of second high-k ilm 112 may be nitrided. Benefits of such nitridation can
include improved diffusion barrier properties of the second high-k iim 112 and a
higher dielectric constant. FIG. 1F shows exposure of the second high-k film 112 to
nitriding species 114 that may be formed by thermal excitation and/or plasma
excitation of a nitrogen-containing gas. Examples of nitrogen-containing gases
include, but are not limited to, nitrogen (Ny}, ammonia (NH3), hydrazine {(NaH¢}, and
C1 ~ Cyp alkylhydrazine compounds. Common Cq and G alkylhydrazine compounds
include monomaethyl-hydrazine {(MeNHNH,), 1, 1-dimethyl-hydrazine (Me,NNH;), and
1,.2-dimethyl-hydrazine {MeNHNHMe). In other examples, the nitrogen-containing
gas may confain an oxygen- and nitregen-containing gas, for example, NO, NO;, or
N;Q, or a combination thereof. FIG. 1G shows a nifrided region 116 having a
thickness 117 following an exposure to the second high-k film 112 to nitriding
species 114. According to other embodiments, the nitriding step depicted in FIG. 1F

may be omitted.

[0034] FIG. 1H schematically shows a gate electrode 118 deposited on the
second high-k film 112. The gate electrode 118 can have a thickness between about
2nm and about 40nm, or between about 3nm and about 20nm and can, for example,
contain W, WN, WSi, Al, Mo, Ta, TaN, Ta8iN, HIN, HfSiN, Ti, TiN, TiSiN, Mo, MaN,
Re, Pt, or Ru. Although not shown in FIG. 1H, the gate electrode 118 may further be
capped with a polysilicon layer, an oxygen diffusion barrier, or both. Representative
oxygen diffusion barriers include, but are not limited to amorphous silicon, TiN, TaN,
TaSiN, TiSiN and Ru.

[0038] According to an embodiment of the invention, the film structure shown in
FiG. 1H may be further processad {o form a patterned gate stack using standard
tithography and etching methods. For example, a photolithography tool may be used
to image a pattern onto a photoresist maternial {(not shown} deposited on the ilm

structure in FIG. 1H. The patiern provides a physical barrier during a subsequent
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etehing process {e.g., a plasma etching process) that selectively removes material
not protected by the exposed photoresist. FIG. 1 schematically shows a palterned
gate stack containing a patterned modified interface layer 120, patterned second
high-k film 122 containing a patterned nitrided region 126, and a patiermed gate
electrode 128,

[0036] FIG. 2A shows leakage current (J4) as a function of EOT for high-k gate
stacks containing HfSION films and different thicknesses of fanthanum oxide high-k
films according to embodiments of the invention. The gate stacks further contained
SiQ; interface layers on the Si substrates and 10 am thick TiN gate electrode films
formed on the HISION films. The Si0; interface fayers were chemical oxide layers
formed in an agqueous bath containing deionized (D) water and ozone (O3} and had
an estimated thickness of 0.6nm-1nm. The lanthanum oxide high-k films were
deposited on the SiQ; interface layers by ALD using altemating exposures of
diisopropy! formamidinate lanthanum (La{{{Pr):N),CH):) and O; gas, at a substrate
heater femperature of 305 °C and a process pressure between about 0.2 Torr and
about 0.6 Torr. The number of ALD cycles was varied from 5 - 12 and the
lanthanum oxide deposition rate was estimated to be approximately 0.8 nm/cycle.
The HISION films were formed by depositing HfSIO films and subsequently exposing
the HISIO films to a plasma excited-nitriding gas to incorporate nitrogen into the
HISIO films. The HISIO films were deposited by a chemical vapor deposition (CVD)
process using hafnium tert-butoxide (HEO'Bu),), tetra-athyl orthosilicate
{SHOCH:CHa)), and Oy, FIG. 2A shows that the presence of the thin lanthanum
oxide high-k films between the Si0; interface layers and the HfSION films increased
the EOT from about 1.2nm to about 1.25nm - 1.3nm and decreased the leakage
current, The increases in EOT are expected since the fanthanum oxide high-k films
are dielectric films. FIG. 2A further shows J; as a function of EOT for a conventional
SiQ, gate dielectric film.

[0037] FIG. 2B shows EOT as a function of flatband voltage (Vg) for high-k gate
stacks containing HfSION films and different thicknesses of underlying lanthanum
oxide high-k films according fo embodiments of the invention. The Vg decreased
from -0.5V to between about -0.8V and about -0.9V,

10
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[0038] FIG. 3A shows Jg as a function of EOT for high-k gate stacks containing
HfSION films and lanthanum oxide high-k films heat-treated at different temperatures
prior to deposition of the HISION films according to embodiments of the invention.
FIG. 3A is similar to FIG. 2A but the fanthanum oxide high-k films were deposited
using 10 ALD cycles and subsequently heat-treated in Ny gas at a gas pressure of
1.5 Tor and at temperatures of 700°C, 800°C, 900°C, or 1000°C. The heatl-treating
formed maodified interface layers by interaction/reaction of the SiOs interface layers
with the lanthanum oxide high-k films, Following the heat-trealing, the HIGION films
were deposited on the modified interface layers and the TiN films deposited on the
HfSION films. FIG. 3A shows that heat-treating the lanthanum oxide high-k films at
700°C or 800°C increased the EQT of the high-k gate stacks, possibly due to an
increase of the Si0O; interface layer from further oxidation of the silicon substrate.
[0039] FIG. 3A further shows that the EQT of the high-k gate stacks containing
the modified interface layers unexpectedly decreased when the lanthanum oxide
high-k films and interface layers were heat-treated at 900°C or 1000°C. In particudar,
heat-treating at 900°C reduced the EOTs to values approximately equal fo or less
than the values obtained without the use of a lanthanum oxide high-k film in the high-
k gate stacks. Heat-treating at 1000°C further reduced the EOT to a value of about
1.1nm, which is ~0.1nm lower than the value obtained without the use of 3
fanthanum oxide high-K film or when using a lanthanum oxide high-k fim heat-
treated at 900°C. 1t is speculated that the unexpected lowering of the EQT may be
due to reaction of the lanthanum oxide high-k films with the SIO; interface layers
and/or due to vacuum evaporation of at least a portion of the Si0; interface layers.
For comparison, high-k gate stacks containing lanthanum oxide high-k films that
were heat-treated at 900°C or 1000°C only after HISION deposition on Si0O; interface
layers, did not result in such EOT scaling.

[0040] FIG. 3B shows EOT as a function of Vy, for high-k gate stacks containing
HISION films and lanthanum oxide high-k films heat-treated at different temperatures
prior to deposition of the HISION films according to embodiments of the invention.
FIG. 3B is similar to FIG. 2B but the fanthanum oxide high-k films were deposited
used 10 ALD cycles and subsequently heat-freated at temperatures of 700°C,
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800°C, 900°C, or 1000°C, before depositing the HfSION films and the TiN films, The
Vi, decreased from ~0.5V to between about -0.8V and about -1V,

[0041] FIG. 4 is a process flow diagram for forming a high-k gate stack with
reduced EQT according to an embodiment of the invention. The processing steps
have been described in detail above. The process 400 begins at 402, when a
silicon-containing substrate is provided. According {o some embodiments, the
substrate may contain Si, for example crystalline 8i, polycrystalline Si, or amorphous
Si. According to another embodiment, the substrate may contain Ge or Si,Geny
compounds, where x is the atomic fraction of 5i, 1-x is the atomic fraction of Ge, and
0 < (1-x) < 1. Exemplary SikGe..x compounds include Sig1Gegs, Sl 2Gegs, SipsGegy,
SipaGegs, SiosGeos, SigsGeoy, SinrGegs, SipsGeg 2, and SipeGeg .

[0042] At 404, an interface layer is formed on the silicon-containing substrate.
According to some embodiments, the interface layer can contain silicon oxide, silicon
nitride, or silicon oxynitride.

[0043] AL 406, a first high-k film is deposited on the interface layer. The first high-
k film can include an oxide, nitride, or oxynitride containing yttrium (Y}, lutetium (Lu),
tlanthanum {La), cerium {Ce), praseodymium {Pr}, neodymium (Nd), samarium (Sm),
eyropium {Eu}, gadolinium {Gd), terbium (Th), dysprosium {Dy), holmium {Ho),
erbium {Er}, thulium (Tm), or yiterbium (Yb), or any combination of two or more
thereof. Examples of rare earth-based high-k films include lanthanum oxide (Lax03),
lutetium oxide (Luz0s), and lanthanum lutetium oxide (Lal.uQs).

[0044] At 408, the first high-k film and the interface layer are heat-treated ata
temperature that forms a modified interface layer having a second EQOT that is equal
to or lower than the first EQT of the interface layer. According to some
embodiments, the heat-treating includes heating the first high-k film and the interface
laver at the temperature under substantially oxygen-free reduced pressure
conditions. The heat -treating may further include exposing the first high-k film to an
inert gas.

[0045] At 410, a second high-k film is deposited on the modified interface layer.
According to some embodiments of the invention, the second high-k film can include
hafnium oxide, hafnium oxynitride, hafnium silicate, hafnium silicon oxynitride,

zwconium oxide, zirconium oxynitride, zirconium silicate, zirconium silicon oxynitride,
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hafnium zirconium oxide, hafnium zirconium oxynitride, hafnium zirconium silicate, or
hafnium zirconium silicon oxynitride, or a combination of two or more thereof.

[0046] At 412, atleast a portion of a thickness of the second high-k film is
optionally nitrided. In one example, the nitrided second high-k fitm may be further
heat-treated. The heat-treating conditions can include a temperature of 900-1000°C,
and an Nz gas environment of approximately 1.5 Torr that optionally contains a small
amount of Oz {e.g., about 0.1% ;). At 414, a gate electrode is deposited on the
second high-k film or nitrided second high-k film and a patterned gate structure is
formed by patlerning the gate electrode film, the nitrided second high-k film, and the
modified interface layer.

[0047} FIG. & is a schematic diagram of a vacuum processing tool for forming a
high-k gate stack with reduced EQT according to an embodiment of the invention.
The vacuum processing tool 500 contains a substrate (wafer) transfer system 501
that includes cassetite modules 501A and 501B, and a substrate alignment module
501C. Load-lock chambers 502A and 5028 are coupled fo the substrate transfer
system 501. The substrate transfer system 501 is mamtained at atmospherc
pressure but a clean environment is provided by purging with an inert gas.

[0048] The load lock chambers 502A and 5028 are coupled o a substrate
transfer system 503. The substrate transfer system 503 may be maintained at a
very low base pressure {8.¢g., 5 x 10 Torr, or lower), using a turbomolecular pump
{not shown). The substrate fransfer system 503 includes a substrate transfer robot
and is coupled to degassing systems 504A and 504D, and processing systems 5048
and 504C may be configured for forming an interface layer on a subsirate.

[0049] Furthermore, the substrate transfer system 503 is coupled {0 a substrate
transfer system 505 through subsirate handling chamber 504E. As in the substrate
transfer system 503, the subsirate transfer system 505 may be maintained at a very
low base pressure {8.9., 5 x 10° Torr, or lower), using a turbomolecular pump {not
shown). The substrate transfer system 505 includes a substrate fransfer robot.
Coupled to the substrate transfer system 505 are processing systems 506D
gonfigured for depositing a rare earth-based first high-k film on the substrate,
processing system 506A configured for depositing a second high-k film on the
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substrate, processing system 5060 configured for optionally nitriding a film, and
processing system 5068 for depositing a gate electrode film on the substrate.
[0050] For example, either processing systems 1 and 2 shown in FIGS. 6A and
6B may be utilized as processing systems 506A and 506D in the vacuum processing
tool 500. Processing system 5060 can, for example, include a plasma processing
system containing a siot plane antenna (SPA) plasma source from Tokyo Electron
Limited, Akasaka, Japan. Further details of a plasma processing system containing
a slot plane antenna plasma source and methods of using are described in
European Patent No. EP1361605, titled "METHOD FOR PRODUCING MATERIAL
OF ELECTRONIC DEVICE”, the entire contents of which is hereby incorporated by
reference. Alternately, processing system 508C may, for example, include a ultra-
violet (UV) radiation plasma source and a remote plasma source. Such a processing
system is described in European Patent No. EP1453083A1, titted "NITRIDING
METHOD FOR INSULATION FILM, SEMICONDUCTOR DEVICE AND
PRODUCTION METHOD FOR SEMICONDUCTOR DEVICE, SUBSTRATE
TREATING DEVICE AND SUBSTRATE TREATING METHOD", the entire contents
of which is hereby incorporated by reference. According to one embodiment,
processing systems 5048 and 504C may include a ultra-violet (UV) radiation plasma
source and a remote plasma source as describe above and configured for forming
an interface layer on a substrate or nitriding a film.

[0051]  The vacuum processing tool 500 includes a controller 510 that can be
coupled to and control any or all of the processing systems and processing elements
depicted in FIG. 5 during the inlegrated subsirate processing. Alternatively, orin
addition, controller 510 can be coupled to one or more additional
controflers/computers (not shown), and controlier 510 can obtain setup and/for
configuration information from an additional controller/computer. The controlier 510
can be used to configure any or all of the processing systems and processing
elements, and the controller 510 can collect, provide, process, store, and display
data from any or all of the processing systems and processing elements. The
controfler 510 can comprise a number of applications for controlling any or alf of the
processing systems and processing elements. For example, controller 510 can

include a graphic user interface (GU!) component (not shown) that can provide easy
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to use interfaces that enable a user {0 monitor and/or control one or more processing
systems processing elements.

[0052] The controller 510 can include a microprocassor, memory, and a digital /0
port capable of generating control voltages sufficient to communicate, aclivate
inputs, and exchange information with the vacuum proceassing tool 500 as well as
monitor outputs from the vacuum processing tool 500. For example, a program
stored in the memory may be utilized {o activate the inputs of the vacuum processing
tool 500 according fo a process recipe in order 1o perform inlegrated substrate
processing. The controller 510 may be implementead as a general purpose computer
system that performs a portion or all of the microprocessor based processing steps
of the invention in response to a processor exacuting one or more seguences of one
or more instructions contained in a memory. Such instructions may be read into the
controfler memory from another computer readable medium, such as a hard disk or a
removable media drive. One or more processors in a muiti-processing arrangement
may aiso be employed as the controller microprocessor {0 execute the sequences of
instructions contained in main memory. In alternative embodiments, hard-wired
gircuitry may be used in place of or in combination with software instructions. Thus,
embodiments are not imited to any specific combination of hardware circuitry and
software.

[0083] The controller 510 includes at least one computer readable medium or
memory, such as the confroller memory, for holding instructions programmed
according to the teachings of the invention and for containing data structures, tables,
records, or other data that may be necessary to implament the present invention.
Examples of computer readable media are compact discs, hard disks, floppy disks,
tape, magneto-optical disks, PROMs (EPROM, EEPROM, flash EPROM), DRAM,
SRAM, SDRAM, or any other magnetic medium, compact discs {(e.g., CD-ROM), or
any other optlical medium, punch cards, paper tape, or other physical medium with
patierns of holes, a carrier wave (described below), or any other medium from which
a computer can read.

[0054] Stored on any one or on a combination of computer readable media, the
present invention includes software for controlling the controller 510, for driving a

device or devices for implementing the invention, and/or for enabling the controlier
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510 to interact with a human user. Such software may include, but is not limited to,
device drivers, operating systems, development tools, and applications software.
Such computer readable media further includes the computer program product of the
present invention for performing all or a portion (if processing is distributed) of the
processing performed in implementing the invention.

[0055] The computer code devices of the present invention may be any
interpretable or executable code mechaniam, including but not limited to scripts,
interpretable programs, dynamic link hibraries (DLLs), Java classes, and complete
executable programs. Moreover, paris of the processing of the present invention
may be distributed for better performance, reliability, and/or cost.

[6058] The term "computer readable medium” as used herein refers to any
medium that participates in providing instructions {o the processor of the controlier
510 for execution. A computer readable medium may take many forms, including
hut not limited to, non-volatile media, volatile media, and fransmission media. Non-
volatite media includes, for example, optical, magnetic disks, and magneto-optical
disks, such as the hard disk or the removable media drive. Volatile media includes
dynamic memory, such as the main memory. Moreover, various forms of computer
readabile media may be involved in carrying out one or more sequences of one or
more instructions o processor of controller for execution. For example, the
instructions may initially be carried on a magnetic disk of a remote computer. The
remote computer can load the instructions for implementing all or a portion of the
present invention remotely info a dynamic memory and send the instructions over &
network to the controller 510.

[0057] The controller 510 may be locally located relative to the vacuum
processing fool 500, or it may be remotely located relative to the vacuum processing
tool 500. For example, the controfler 510 may exchange data with the vacuum
processing tool 500 using at least one of a direct connection, an intranet, the Internet
and a wireless connection. The controller 510 may be coupled to an intranet at, for
example, a customer site {i.e., a device maker, efc.}, or it may be coupled to an
intranet at, for example, a vendor site {i.e., an equipment manufacturer).
Additionally, for example, the controller 510 may be coupled to the internet.

Furthermore, ancther computer (i.e., controller, server, etc.}) may access, for
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example, the controller 510 to exchange data via at least one of a direct connection,
an intranet, and the Internet. As also would be appreciated by those skilled in the
art, the controfler 510 may exchange data with the vacuum processing too! 500 via a
wireless connection.

[0058]  As those skilled in the art will readily recognize, embodiments of the
invention may not require the use of all the processing systems of the vacuum
processing tool 500 depicted in FIG. 5. As described above, the vacuum processing
tool 500 may contain two processing system (e.g., processing systems 5048 and
504C) configured for performing the same or similar processing. This may be done
in order 1o increase wafer throughput of the vacuum processing tool 500. Thus,
some embodiments of the invention may include the use of less than all the
processing systems depicted in FIG. 5.

[0059] FIGS. 8A and 6B illustrate processing systems for depositing high-k
materials on a substrate according to embodiments of the invention. The processing
systems shown in FIGS. 6A and 6B may be utilized as processing system 506D for
depositing a rare earth-based first high-k film on a substrate and as processing
system S06A for depositing a second high-k film on a substrate.

[0080]  FIG. 6A illustrates a processing system 1 that may be configured for
performing ALD or CVD processing. The processing system 1 includes a process
chamber 10 having a substrate holder 20 configured 1o support a substrate 22, upon
which high-k material is deposited. The process chamber 10 further contains an
upper assembly 30 (e.g., a showerhead) coupled to a first precursor supply system
40 and a second precursor supply system 42. Thae first and second precursor supply
systems 40 42 may include rare earth precursor supply systems, a hafnium
precursor supply system, a zirconium precursor supply system, a titanium precursor
supply system, or alkali earth precursor supply systems, or a combination thereof.
[0061] The processing system 1 further includes a purge gas supply system 44,
an oxygen-containing gas supply system 46, a nitrogen-containing gas supply
system 48, and an auxiliary gas supply system 50. The auxiliary gas supply sysiem
may, for example, be used for supplying additional rare earth precursor or a silicon
precursor. Additionally, processing system 1 includes a substrate temperature

control system 60 coupled {o substrate holder 20 and configured to elevate and
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control the temperature of substrate 22. Furthermore, the processing system 1
includes a controller 70 that can be coupled to process chamber 10, substrate holder
20, upper assembly 30 configured for infroducing process gases info the process
chamber 10, first precursor supply system 40, second precursor supply system 42,
purge gas supply system 44, oxygen-containing gas supply system 46, nitrogen-
containing gas supply system 48, auxiliary gas supply system 50, and subsirate
temperature control systam 60.

[0062]  Alternatively, or in addilion, controller 70 can be coupled 1o one or more
additionat controllers/computers {(not shown}, and controller 70 can obtain setup
and/or configuration information from an additional controller/computer.

[0063] In FIG. 6A, singuiar processing elements (10, 20, 30, 40, 42, 44, 48, 48,
50, and 60) are shown, but this is not required for the invention. The processing
system 1 can include any number of processing elements having any number of
controllers associated with them in addition to independent processing elements.
The controfler 70 can be used to configure any number of processing elements (10,
20, 30, 40, 42, 44, 48, 48, 50, and 80), and the controller 70 can collect, provide,
process, store, and display data from processing elements. The controller 70 can
comprise a number of applications for controliing one or more of the processing
elements. For example, controlier 70 can include a graphic user interface (GU1
component (not shown) that can provide easy to use interfaces that enable a user o
monitor and/or control one or more processing elements.

[0064]  Still referring to FIG. 8A, the processing system 1 may be configured to
process 200 mm substrates, 300 mm substrates, or largey-sized substrates. In fact,
it is contemplated that the processing system 1 may be configured {0 process
substrates, wafers, or LCDs regardless of their size, as would be appreciated by
those skilied in the art. Therefore, while aspects of the invention will be described in
comnection with the processing of a semiconductor substrate, the invention is not
imited solely therelo., Alternately, a batlch processing system capabile of processing
multiple substrates simultaneously may be utilized for depositing the high-k matenals
described in the embodiments of the invention,

[00658] According to embodiments of the invention, several methods may be

utiized for intraducing the first and/or second precursors {o the process chamber 10.
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One method includes vaporizing precursors through the use of separate bubblers or
direct fiquid imjection (DL} systems, or a combination thereof, and then mixing in the
gas phase within or prior {o introduction into the process chamber 10. DL systems
have been shown to reduce premature thermal decompaosition of precursors over
bubbling methods. By controlling the vaporization rate of each precursor separately,
a desired stoichiometry can be attained within the deposited film. Another method of
delivering the first and second precursors includes separately controliing two or more
different liquid sources (neat precursors or precursor solutions), which are then
mixed prior to entering a common vaporizer. This method may be utilized when the
precursors are compatible in solution or in liquid form and they have similar
vaporization characteristics. Yet another method of delivering the first and second
precursor includes controliing the flow of a liquid precursor mixture (neat precursors
or precursors solutions) to a common vaporizer. Other methods include the use of
compatible mixed solid or liquid precursors within a bubbler. Liguid source
precursors may include neat liquid precursors, or solid or liquid precursors that are
dissolved in a compatible solvent. Possible compatible solvents include, but are not
imited to, ionic Liquids, hydrocarbons (aliphatic, olefing, and aromatic), amines,
esters, glymes, crown ethers, ethers and polyethers. In some cases, it may be
possible to dissolve one or more compatible solid precursors in one or more
compatible liquid precursors. It will be apparent to one skilled in the art that by
controlling the relative concentration levels of the first and second precursors within
a gas puise, it is possible to deposit films with desired stoichiometries.

[0068] Embodiments of the invention may utilize a wide variety of hafnium and
zirconium precursors. For example, representative examples include: Hf{O'Bu)g
{hafnium tert-butoxide, HTB), HI{NEL), (tetrakis{diethylamido)hafnium, TDEAH),
Hf(NEtMe)s (tetrakis{ethylmethylamidohafnium, TEMAH), Hi{NMe;)s
{tetrakis(dimethylamido)hafnium, TDMAH), Zr{O'Bu)y {zirconium tert-butoxide, ZTB),
Zr{NEL); (tetralds(diethylamido)zirconium, TDEAZ), Zr{NMeEt),
(tetrakis{ethyhmnethylamido)zirconium, TEMAZ), Zr{iNMe;),
(tetrakis(dimethylamido)zirconium, TDMAZ), Hf{mmp)s, Zrimmp)s, HICL, ZrCl,
ZrCpsMes, Zr(tBuCpMe;, and Zr{NiPra)s. In one example, the hafnium and
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zirconium precursors may have the same ligands {e.g., HTB and Z7B), thereby
preventing any possible detrimentatl igand exchange between the precursors.
[0067] Embodiments of the inventions may utilize a wide variety of different rare
earth precursors. For example, many rare earth precursors have the formula:

ML LA D

where M is a rare sarth metal element selected from the group of yitrium (Y},
futetium (Lu)}, lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd),
samartum (Sm), europium {Eu)}, gadolinium (Gd), terbium {Th}, dysprosium {Dy},
holmium {Ho), erbium (Er), thulium (Tm), and yterbium (Yb), L', L% LY are individual
anionic ligands, and D ig a neutral donor ligand where x can be 0, 1, 2, or 3. Each
L' L? L ligand may be individually selected from the groups of alkoxides, halides,
aryloxides, amides, cyclopentadienyls, alkyls, silyls, amidinates, B-diketonates,
ketoiminates, sianoates, and carboxylates. D ligands may be selected from groups
of ethers, furans, pyridines, pyroles, pyrolidines, amines, crown ethers, glymes, and
nitriles.

[0068] Examples of L group alkoxides include tert-butoxide, iso-propoxide,
ethoxide, 1-methoxy-2,2-dimethyi-2-propionate {(mmp), 1-dimethylamino-2,2™-
dimethyl-propicnate, amyloxide, and neo-pentoxide. Examples of halides include
fluoride, chioride, iodide, and bromide. Examples of aryloxides include phenoxide
and 2,4,6-tnmethylphenoxide. Examples of amides include bis(trimethyisiiyllamide
di-<teri-butylamide, and 2,2,6,6-tetramethyipiperidide (TMPD). Examples of
cyclopentadienyls include cyclopentadienyl, 1-methylcyclopentadienyt, 1,2 3 4-
tetramethylcyclopentadienyl, 1-aethylcyclopentadienyl, pentamethylcyclopentadienyl,
1-iso-propyleyciopentadienyd, 1-n-propylcyclopentadienyl, and 1-n-
butyleyclopentadienyl. Examples of akkyls include bis(trimethyisilylymethyl,
tris{trimethyisilylimethyl, and trimethylsilylmethyl. An example of a silyl is
trimethyisilyl. Examples of amidinates include N, N -di-tert-butylacetamidinate, NN~
di-iso-propylacetamidinate, N, N'-di-isopropyl-2-tert-butylamidinate, and N,N'-di-teri-
butyl-2-fert-butylamidinate. Examples of B-diketonates include 2,2 6 6-tetramethyi-
3.5-heptanedionate {THD), hexafluoro-2 4-pentandionate, and 6,6,7,7 8,8,8-
heptafluoro-2,2-dimethyl-3,5-octanedionate (FOD). An example of a ketoiminate is
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2-iso-propylimino-4-pentanonate. Examples of silanoates include tri-tert-
butylsiloxide and triethyisifoxide. An example of a carboxylate is 2-ethylthexanoate.
[0069] Examples of D ligands include tetrahydrofuran, diethylether, 1,2-
dimethoxyethane, diglyme, triglyme, tetraglyme, 12-Crown-6, 10-Crown-4, pyridine,
N-methylpyrolidine, tiethylamine, trimethylamine, acetonifrile, and 2,2-
dimethylpropionitrile.

[0070] Representative examples of rare earth precursors include:

[0071] Y precursors: Y{N(SiMez))s, YIN(Pr))s, YIN(Bu)SiMes)s, Y(TMPD)s,
CpsY, (MeCp)aY, ((nPr)CpkY, {((NBU)CPp)sY, Y{OCMexCHaNMes)s, Y(THD),
YIOOCCH(CzHs)CsHols, Y{C11H160:):0H(QCHCH):QCH;, Y{CF:COCHCOCF;),,
Y(OOCCgHy)s, Y{OOCipH1s)s, and Y(O(Pr))a.

[0072] Laprecursors: La(N(SiMez)s)s, La(N{Pr)z)s, La(N{('Bu)SiMes)s, La{TMPD}s,
{(PriCpaLa, Cpsla, Cpala(NCCHa):, LaiMeNCHLCpls, La(THD),,
LafOOCCH(CyH:)CaHols, La{CiiHe02)s- CHa(OCH,CH,),0CH;,

La{C1iH1902)s CHa{OCHCH2)4OCH:, La(O(Pr))a, La(OFt),, Lalacac)s,
La{{('Bu):N);CMe), La{{{'Pr)aNCMe)s, La(({PriaN)RCH)5. La{{('Bu)N)LC{tBu))s,
La{{(Pr)aNyC(Bu));, and La(FOD),.

[0073] Ce precursors: Ce(N{SiMes)z)s, Ce(N(Pr))s, Ce(N{'Bu)SiMes)s,
Ce(TMPD);, Ce(FOD)s, {{*Pr}Cp}BCe, CpaCe, Ce(MesCp)s, Ce(OTMe,CHaNMes)s,
Ce(THD);, Ce[OOCCH(CaH)CaHels, Ce(CiiH102)a- CHa{OCHCH,)30CH;,
Ce(Cr1H1902)3 CH3(OTHCH2 1 0CHa, Ce{O(Pr))s, and Ce(acac).

[0074]  Prprecursors: Pr(N(SiMes).)s, ((“Pr)Cp)aPr, CpsPr, Pr(THD);, PriFOD)s,
{CsMedH)sPr, Pr{OOCCH(CHs)CaHgls, Pr{C1H102)a CHa{OCHCH1)30CHs,
PrOP)s, Pr{acac), Prinfach, Pr{((Bul}NRCMe)s, Pr{{{'Pri.NLCMe)s,
Pr({(Bu)N)C(Bu)), and Pr{{(Pr)zN)C('Bu))s.

[0075]  Nd precursors: NA(N{SiMea)z)s, Nd(N(Pr)2)z ((PriCpisNd, CpaNd,
{CsMegH):Nd, Nd(THD)s, Nd[OOCCH{CaHs)CaHgls, Nd{O('Pr))s, Nd(acac)s,
Nd{hfac)s, Nd(F:CC{OYCHC{O)CHs)3, and Nd(FOD}a.

[0076] Sm precursors: Sm{N{SiMe;))a, ((;Pr)Cp)g,Sm, CpaSm, Sm{THD)s,
SMOOCCH(CHsYCaHals, SM{OCP) ), Sm(acac)s, and (CsMes):Sm.

[0077]  Eu precursors: Eu({N(SiMes))s, ((PrICp)Euy, CpsEu, (MesCp)Eu,
Eu(THD)s, EW[OOCCH(CHs)CaHols, Eu(O(Pr)), Eutacac)s, and (CsMes)Eu.
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[0078] Gd precursors: Gd(N(SiMes),)s, ((PriCpkGd, CpsGd, Gd(THD),,
GA[OOCCH(CaHs)CaHals, GA(O(Pr))a, and Gd(acac)s.

[0079]  Tb precursors: Th(N(SiMes)a)s, (Pr)Cp)aTh, CpaTh, Th(THD);,
TH{OOCCH(C2Hs)CaHols, TE(OCPr))s, and Th{acac)s.

[0080] Dy precursors: Dy(N(SiMes))s, ((PrICp)Dy, CpsDy, Dy(THD);,
Dy[OOCCH(C:Hs)CaHals, DY(O(PE))a, DY{O2C(CHa)sCHals, and Dy(acac).

[0081] Ho precursors: Ho{N(SiMea)s)s, ((PrICp)sto, CpaHo, Ho(THD):,
Ho[OOCCH(C:Hs)CsHals, Ho(O(Pr))s, and Ho(acac)s.

[0082] Erprecursors: Er{N(SiMez)s)a ((PNCp)Er, ((nBu)CphEr, CpsEr,
Er(THD)s, ErfOOCCH(CaH:)CHsls, Er{O(Pr));, and Er(acac)s.

[0083] Tm precursors: Tm(N{SiMes)2)z, ((PHICp)sTm, CpaTm, Tm(THD):,
Tm{OOCCH(CaHs)CeHala, TM{O('Pr))a, and Tm{acac)s.

[0084]  Yb precursors: Yh{N(SiMez)z)s, YRIN(Pr):)s, (PrCplaYb, CpsYb,
Yb{THD)s, YB{OOCCH(CHs)CHels, YR(O(PI))s, Yb(acac)s, (CsMes)oYh, Yb(hfac)s,
and Yb(FOD)s.

[0085] Lu precursors: Lu{N(SiMeaj)a, ((Pr)Cp)stu, Cpalu, Lu{THD);,
LUJOOCCH{CaHs)CsHsls, Lu{O{Pr))s, and Lu(acac)s,

[0088] In the above precursors, as well as precursors set forth below, the
following common abbreviations are used: Si: silicon; Me: methyl; Et. ethvl; 'Pr:
isopropyl: nPr. n-propyl; Bu: butyl, nBu: n-butyl; sBu: sec-bulyl; '‘Bu: iso-butyl; ‘Bu:
tert-butyl; Cp: cyclopentadienyl; THD: 2,2,6,6-{etramethyl-3,5-heptanedionate;
TMPD: 22,6 6-tetramethylpipendide; acac: acetylacetonate; hfac:
hexafluoroacetylacetonate; and FOD: 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-
octanedionate.

[0087]  Still referring to FIG. BA, the oxygen-containing gas supply system 46 is
configured {o infroduce an oxygen-containing gas to the process chamber 10. The
oxygen-containing gas can include, but is not fimited {o, Oy, water (H,Q0), or peroxide
{H,02), or a combination thereof, and optionally an inert gas such as Ar. Similarly,
the nitrogen-containing gas supply system 48 is configured to introduce a nitrogen-
containing gas to the process chamber 10. Examples of nitrogen-containing gases
include, but are not limited to, ammonia {(NHs), hydrazine (NoHs), and Gy - Cyp

atkylhydrazine compounds. Common C. and C; alkylhydrazine compounds include
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monomethyl-hydrazine (MeNHNH;), 1,1-dimethyl-hydrazine (Me,NNH,), and 1,2-
dimethyt-hydrazine (MeNHNHMe). According to one embodiment of the invention,
an oxygen- and nitrogen-containing gas may be utilized, for example, NO, NO», or
N2Q, or a combination thereof, and optionally an inert gas such as Ar.

[o688] Embodiments of the invention may utilize a wide variety of silicon
precursars for incorporating siicon inte high-k films. Examples of sidicon precursors
include, but are not limited to, sitane {SiH,), disilane {SizHg), monochiorositane
{SiCIHs}, dichiorosilane {SiH,Cly), trichlorosilane (SiHCI;), hexachiorodisilane
{SizClg), diethyisilane {Et;SiH,), tetra-ethy! orthosilicate (TEOS, S{OCHCHs)) and
atkylaminositane compounds. Examples of alkkylaminosilane compounds include, but
are not limited to, di-isopropylaminosilane (HzSi(NPr2)), bis{tert-butytamino)sifane
((CaHa(HIN:SiHy), tetrakis{dimethylamino)silane (Si(NMe,)s),
tetrakis{ethyimethylamino)sifane {Si(NEiMe),), tetrakis{diethylamino)silane
{SI(NEL ), tris(dimethylamine)silane (HSi{NMe:);), tris(ethylmethylamino)sitane
{HSI(NEtMe)s), tis(disthylamino)silane (HSI{NEL)s), and
tris{dimethylhydrazino)sifane (HSI{N{H)NMe;)s), bis(diethylamino)silane
(H2SH{NEL:);), bis(di-isopropylamino)sitane {H,SH{NPr)e), tris(isopropylamino)silane
{HSI{NPr)3), and {di-isopropylaminoisilane (HaS{NPrz).

[0089] Sl referring to FIG. 8A, the purge gas supply system 44 is configured to
introduce a purge gas {o process chamber 10. For exampie, the introduction of
purge gas may occur between introduction of pulses of first and second precursors
and an oxygen-containing gas, a nitrogen-confaining gas, or an oxygen- and a
nitrogen-containing gas to the process chamber 10. The purge gas can contain an
inert gas, such as a noble gas (i.e., He, Ne, Ar, Kr, Xe), nitrogen (N}, or hydrogen
{Ha).

[0090] Furthermore, processing system 1 includes substrate femperature controd
system 60 coupled to the substrate holder 20 and configured to elevate and control
the temperature of substrate 22. Substrate temperature control system 60 contains
temperature control elements, such as a cooling system including a re-circulating
cootant flow that receives heat from substrate holder 20 and transfers heat to a heat

gxchanger system {not shown}, or when heating, transfers heat from the heat
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exchanger system. Additionally, the temperature control elements can include
heating/cooling elements, such as resistive heating elements, or thermo-electric
heaters/coolers, which can be included in the subsirate holder 20, as well as the
chamber wall of the process chamber 10 and any other component within the
processing system 1. The substrate temperature control system 640 can, for
example, be configured to elevate and controf the substrate temperature from room
temperature to approximately 350°C to approximately 550°C. Alternatively, the
substrate temperature can, for example, range from approximately 150°C to
approximately 350°C. Htis to be understood, however, that the temperature of the
substrate is selected based on the desired temperature for causing deposition of 3
particular dielectric material on the surface of a given substrate.

[0091] In order o improve the thermal transfer between substrate 22 and
substrate holder 20, substrate holder 20 can include a mechanical clamping system,
or an electrical clamping system, such as an electrostatic clamping system, to affix
substrate 22 to an upper surface of substirate holder 20, Furthermore, substrate
holder 20 can further include a substrate backside gas delivery system configured to
mtroduce gas to the back-side of substrate 22 in order to improve the gas-gap
thermal conductance between substrate 22 and substrate holder 20. Such a system
can be utilized when temperature control of the substrate is required at elevated or
reduced temperatures. For example, the substrate backside gas system can contain
a two-zone gas distribution system, wherein the helium gas gap pressure can be
independently varied between the center and the edge of substrate 22.

[0092] Furthermore, the process chambaer 10 is further coupled {0 a pressure
controt system 32, including a vacuum pumping system 34 and a valve 36, through a
duct 38, wherein the pressure control system 32 is configured {o controllably
evacuate the process chamber 10 {0 a pressure suitable for forming the thin film on
substrate 22, and suitable for use of the first and second process materials. The
vacuum pumping system 34 can include a turbo-molecular vacuum pump (TMPYora
cryogenic pump capabile of a pumping speed up to about 5000 liters per second (and
greater) and valve 36 can include a gate valve for throtlling the chamber pressure.
Moreover, a device for monitoring chamber pressure {(not shown) can be coupled to

the process chamber 10. The pressure control system 32 can, for example, be

24



WO 2010/111453 PCT/US2010/028597

configured to control the process chamber pressure between about 0.1 Torr and
about 100 Torr during deposition of the high-k materials.

[0093] The first precursor supply system 40, second precursor supply system 42,
purge gas supply system 44, oxygen-containing gas supply system 48, the nitrogen-
containing gas supply system 48, and auxiliary gas supply system 50 can include
one or more pressure control devices, one or more flow control devices, one or more
filtars, one or more valves, and/or one or more flow sensors. The flow control
devices can include pneumatic driven valves, electro-mechanical {solenoidal) valves,
and/or high-rate pulsed gas injection valves. According {o embodiments of the
invention, gases may be sequentially and alternately puilsed into the process
chamber 10, where the length of each gas puise can, for example, be between about
0.1 sec and about 100 sec. Alternately, the length of each gas pulse can be
between about 1 sec and about 10 sec. Exemplary gas puise lengths for precursor
gases can be between 0.3 and 3 sec, for example 1 sec. Exemplary gas pulse
fengths for an oxygen-containing gas, a nitrogen-containing gas, and an oxygen- and
nitfrogen-containing gas can be between 0.3 and 3 sec, for example 1 sec.
Exemplary purge gas pulses ¢an be between 1 and 20 sec, for example 3 sec. An
exemplary pulsed gas injection system is described in greater detail in pending U.S.
Patent Application Publication No. 2004/0123803.

[0094]  Still referring to FIG. 6A, controller 70 can contain a microprocessor,
memory, and a digital VO port capable of generaling control voltages sufficient to
communicate and activate inputs to the processing system 1 as well as monitor
outputs from the processing system 1. Moreover, the conirolier 70 may be coupled
to and may exchange information with the process chamber 10, substrate holder 20,
upper assembly 30, first precursor supply system 40, second precursor supply
system 42, purge gas supply system 44, oxygen-containing gas supply system 46,
nitrogen-cantaining gas supply system 48, auxiliary gas supply system 50, substrate
temperature control system 60, substrate temperature control system 60, and
pressure control system 32. For example, a program stored in the memory may be
utilized to activate the inputs to the aforementioned components of the processing

system 1 according to a process recipe in order to perform a deposition process.
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[0095] FIG. 6B ilustrates a plasma processing system 2 that may be configured
for performing PEALD or PECVD processing, in addition being able to perform ALD
or CVD processing. The plasma processing system 2 is similar {o the processing
system 1 described in FIG. 6A, but further includes a plasma generation system
configured 1o generate a plasma during at least a portion of the gas exposures in the
process chamber 10. This allows formation of ozone and plasma excited oxygen
from an oxygen-containing gas containing Oq, H20, H0,, or a combination thereof.
Similarly, plasma excited nitrogen may be formed from a nitrogen-containing gas
containing Na, NHa, or NoHy, or Gy — Gy alkylhydrazine compounds, or a combination
thereof.

[0096] In addition, plasma excited oxygen and nitrogen may be formed from a
process gas containing NQ, NQO», and N2O, or a combination thereof. The plasma
generation system includes a first power source 52 coupled to the process chamber
10, and configured to couple power {0 gases introduced into the process chamber
10. The first power source 52 may be a variable power source and may include a
radio frequency {(RF) generator and an impedance match network, and may further
include an electrode through which RF power is coupled to the plasma in process
chamber 10. The electrode can be formed in the upper assembly 31, and it can be
configured to oppose the substrate holder 20. The impedance match network can
be configured to optimize the transfer of RF power from the RF generator {o the
plasma by maiching the cutput impedance of the match network with the input
impedance of the process chamber, including the electrode, and plasma. For
instance, the impedance match network serves to improve the transfer of RF power
to plasma in process chamber 10 by reducing the reflected power. Malch network
topologies {e.g. L-type, w-iype, T-type, elc.) and automatic control methods are well
known fo those skilled in the art.

[0097]  Alternatively, the first power source 52 may include a RF generator and an
impedance match network, and may further include an antenna, such as an inductive
coit, through which RF power is coupled to plasma in process chamber 10. The
anienna can, for example, include a helical or solenoidal coil, such as inan
inductively coupled plasma source or helicon source, or it can, for example, include a

flat coil as in a fransformer coupled plasma source.
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[0098]  Alternatively, the first power source 52 may include a microwave
frequency generator, and may further include a microwave antenna and microwave
window through which microwave power is coupled to plasma in process chamber
10. The coupling of microwave power can be accomplished using electron cyciotron
resonance (ECR} taechnology, or it may be employed using surface wave plasma
tachnology, such as a slotted plane antenna (SPA), as described in US Patent No.
5,024,716, the entire content of which is incorporated herein by reference.

[0099]  According to one embodiment of the invention, the plasma processing
system £ includes a substrate bias generation system configured to generate or
assist in generating a plasma (through substrate holder biasing) during at isast a
portion of the alternating introduction of the gases to the process chamber 10. The
substrate bias system can include a substrate power source 54 coupled to the
process chamber 10, and configured to couple power to the substrate 22. The
substrate power source 54 may include a RF generator and an impedance match
network, and may further include an electrode through which RF power is coupled to
substrate 22. The slectrode can be formed in substrate holder 20. For instance,
substrate holder 20 can be electrically biased at a RF voltage via the transmission of
RF power from a RF generator (not shown) through an impedance match network
{not shown) to substrate holder 20. A typical frequency for the RF bias can range
from about 0.1 MHz to about 100 MHz, and can be 13.56 MHz. RF bias systems for
plasma processing are well known {0 those skilled in the art. Alternatively, RF power
is applied to the substrate holder electrode at multiple frequencies. Although the
plasma generation system and the subsirate bias system are Hlustrated in FIG. 6B
as separate entities, they may indeed contain one or more power sources coupled to
substrate holder 20.

[00100] In addition, the plasma processing system 2 includes a remote plasma
system 56 for providing and remotely plasma exciting an oxygen-containing gas, a
nitrogen-containing gas, or a combination thereof, prior to flowing the plasma excited
gas into the process chamber 10 where it is exposed o the substrate 22. The
remote plasma system 56 can, for example, contain a microwave frequency
generator. The process chamber pressure can be between about 0.1 Torr and about

10 Torr, or between about 0.2 Tarr and about 3 Torr.
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[00101] A plurality of embodiments for forming gate dielectric stacks with a
reduced effective oxide thickness have been disclosed in various embodiments. The
foregoing description of the embodiments of the invention has been presented for
the purposes of Hlustration and description. it is not intended to be exhaustive or to
fimit the invention to the precise forms disclosed. This description and the claims
following include terms that are used for descriptive purposes only and are not to be
construed as limiting. For example, the term “on” as used herein (including in the
claims) does not require that a film “on” a substrate is directly on and in immediate
contact with the subsirate; there may be a second film or other structure between the
film and the substrate.

[60102] Persons skilled in the relevant art can appreciate that many
maodifications and variations are possible in light of the above teaching. Persons
skilled in the art will recognize various equivalent combinations and substitutions for
various components shown in the Figures. it is therefore intended that the scope of
the invention be limited not by this detailed description, but rather by the claims

appended hereto.
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WHAT IS CLAIMED 1S:

1. A method for forming a gate dielectric film stack, the method comprising:

providing a silicon-containing substrate;

forming an interface fayer on the silicon-containing substrate, the
interface layer having a first equivalent oxide thickness;

deposifing a first high-k film on the interface layer;

heat-treating the first high-k film and the interface layer at a
temperature that forms a modified interface layer having a second equivalent
oxide thickness that is equal 1o or jower than the first equivalent oxide
thickness: and

depositing a second high-k film on the modified interface layer.

2. The method of claim 1, wherein the interface layer comprises silicon oxide,

silicon nitride, or silicon oxynitride.

3. The method of claim 1, wherein the first high-k film comprises an alkaline
earth element, fitanium, hafnium, zirconium, or a rare earth element, or any

combination of two or more thereof.

4. The method of claim 1, wherein the second high-k film comprises an alkaline
earth element, titanium, hatium, or a rare earth element, or any combination

of two or more thereof.

3. The method of claim 1, wherein the first high-k film comprises a rare earth-
based oxide, nitride, or oxynitride containing yttnum (Y}, lutetium (Lu),
fanthanum (La), cerium (Ce), praseodymium {Pr), neodymium {Nd}, samarium
(Smy}, europium {Eu), gadolinium (Gd), terbium (Th), dysprosium (Dy},
holmium (Ho), erbium (Er), thulium (Tm), or yiterbium (Yb), or any

combination of two or more thereof.
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6. The method of claim 1, wherein the second high-k film comprises hafium
oxide, hafnium oxynitride, hafnium silicate, hafnium silicon oxynitride,
zirconium oxide, zirconium oxynitride, zirconium silicate, zirconium silicon
oxynitride, hafnium zirconium oxide, hafnium zirconium oxynitride, hafium
zirconium silicate, or hafnium zirconium silicon oxynitride, or a combination of

two or more thereof.

7. The method of claim 1, wherein the heat-treating comprises:
heating the first high-k film and the interface layer at the temperature under
substantially oxygen-free reduced pressure conditions.

8. The method of claim 7, wherein the heat-treating further comprises exposing
the first high-k film to an inert gas.

9. The method of claim 1, further comprising:
nitriding at least a portion of a thickness of the second high-k film;
depositing a gate electrode film on the nitrided second high-k film; and
patterning the gate electrode film, the nitrided second high-k film, and

the modified interface layer.

10.A method for forming a gate dielectric stack, the method comprising:
providing a stlicon-containing substrate;
forming a silicon oxide interface layer on the silicon-containing
substrate, the silicon oxide interface layer having a first equivalent
oxide thickness;
depositing a rare earth oxide first high-k film on the silicon oxide
interface layer,
heal-treating the rare earth oxide first high-k film and the silicon oxide
interface layer 10 a temperature that forms a modified interface layer having a
second equivalent oxide thickness that is equal {0 or lower than the first

equivalent oxide thickness; and
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depositing a hafnium-oxygen-based second high-k film on the modified
interface layer.

11. The method of claim 10, wherein the rare earth oxide first high-k film
comprises yitrium (Y), lutetium (L), lanthanum {La), cerium {Ce),
praseodymium {Pr), necdymium {Nd}, samarium (Sm), europium (Eu),
gadolinium (Gd), terbium {Tb}, dysprosium {Dy), holmium {Ho), erbium {Er),
thulium {(Tm), or viterbium {YDb), or any combination of two or more thereof.

12. The method of claim 10, wherein the hafnium-oxygen-based second high-k
film comprises hafnium oxide, hafnium oxynitride, hafnium silicate, hafnium
silicon oxynitride, hafnium zirconium oxide, hafnium zirconium oxynitride,
hafnium zirconium silicate, or hafnium zirconium silicon oxynitride, or a

combination of two or more thereof.

13. The method of claim 10, wherein the heat-treating comprises:
heating the rare earth oxide first high-k film and the silicon oxide
interface layer at the temperature under substantially oxygen-free reduced

pressure conditions.

14. The method of claim 13, wherein the heat-treating further comprises exposing

the rare earth oxide first high-k film to an inert gas.

15. The method of claim 10, further comprising:
nitriding at least a portion of a thickness of the hafhium-oxygen-based
second high-k film;
depositing a gate electrode film on the nitnded hafnium-oxygen-based
second high-k film; and
patterning the gate electrode film, the nitrided hafnium-oxygen-based

second high-k film, and the modified interface layer.
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16. A method for forming a gate dielecine stack, the method comprising:

providing a silicon-containing substrale;

forming a silicon oxide interface layer on the silicon-containing
substrate, the silicon oxide interface layer having a first equivalent oxide
thickness;

depositing a lanthanum oxide first high-k film on the silicon oxide
interface layer by an atomic fayer deposition process,;

heal-treating the lanthanum oxide first high-k film and the silicon oxide
interface fayer to a temperature equal fo or greater than 800°C fo form a
modified interface layer having a second equivalent oxide thickness that is
equal to or lower than the first equivalent oxide thickness; and

depositing a second high-k film on the modified interface layer.

17. The method of claim 16, wherein the heat-treating is performed under

substantially oxygen-free reduced pressure conditions.

18. The method of claim 16, wherein the heat-treating is performed under an inert

atmosphere with less than 8.1% O..

19. The method of claim 16, wherein the second high-k film comprises hafhium
oxide, hafnium oxynitride, hafnium silicate, hathium siicon oxynitride,
Zirconium oxide, zirconium oxynitride, zirconium silicate, zirconium silicon
oxynitride, hafnium zirconium oxide, hafnium zicconium oxynitride, hafnium
zirconium silicate, or hafnium zirconium silicon oxynitride, or a combination of

two or more thereof.

20. The method of claim 16, further compnsing:
nitriding at least a portion of a thickness of the second high-k film;
depositing a titanium nitride gate electrode film on the nitrided second
high-k film; and
patterning the titanium nitride gate electrode film, the nitrided second
high-k film, and the modified interface layer.
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