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METHOD AND APPARATUS FOR FABRICATING A HIGH DIELECTRIC

CONSTANT TRANSISTOR GATE USING A LOW ENERGY PLASMA SYSTEM

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] Embodiments of the present invention generally relate to a method and an

apparatus of forming a high-k dielectric layer. More particularly, embodiments of the

invention relate to a method of forming a gate dielectric layer.

Description of the Related Art

[0002] Integrated circuits are composed of many, e.g., millions, of devices such

as transistors, capacitors, and resistors. Transistors, such as field effect transistors,

typically include a source, a drain, and a gate stack. The gate stack typically

includes a substrate, such as a silicon substrate, a gate dielectric, and a gate

electrode, such as polycrystalline silicon, on the gate dielectric. The gate dielectric

layer is formed of dielectric materials such as silicon dioxide (SiO 2) , or a high-K

dielectric material having a dielectric constant greater than 4.0, such as SiON, SiN,

hafnium oxide (HfO2) , hafnium silicate (HfSiO 2) , hafnium silicon oxynitride (HfSiON),

zirconium oxide (ZrO2) , Zirconium silicate (ZrSiO 2) , barium strontium titanate

(BaSrTiO 3, or BST), lead zirconate titanate (Pb(ZrTi)O 3, or PZT), and the like. It

should be noted, however, that the film stack may comprise layers formed of other

materials.

[0003] Figure 1A shows a cross section of FET (field effect transistor) 10

incorporating a gate dielectric layer 14. The figure shows a substrate 12 on which a

gate dielectric layer 14 and gate electrode 16 are disposed. Side wall spacers 18

are shown adjacent to the vertical sidewalls of gate dielectric layer 14 and gate

electrode 16. Source/drain junctions 13 are formed in substrate 12 substantially

adjacent the opposing vertical sidewalls of gate electrode 16 .

[0004] As integrated circuit sizes and the sizes of the transistors thereon

decrease, the gate drive current required to increase the speed of the transistor has

increased. The drive current increases as the gate capacitance increases, and



capacitance = kA/d, wherein k is the dielectric constant of the gate, d is the dielectric

thickness, and A is the area of the device. Decreasing the dielectric thickness and

increasing the dielectric constant of the gate dielectric are methods of increasing the

gate capacitance and the drive current.

[0005] Attempts have been made to reduce the thickness of SiO2 gate dielectrics

below 20 A. However, it has been found that the use of SiO2 gate dielectrics below

20 A often results in undesirable effects on gate performance and durability. For

example, boron from a boron doped gate electrode can penetrate through a thin

SiO2 gate dielectric into the underlying silicon substrate. Also, there is typically an

increase in gate leakage current, i.e., tunneling current, with thin dielectrics that

increases the amount of power consumed by the gate. Thin SiO gate dielectrics

may be susceptible to NMOS hot carrier degradation, in which high energy carriers

traveling across the dielectric can damage or destroy the channel. Thin SiO2 gate

dielectrics may also be susceptible to PMOS negative bias temperature instability

(NBTI), wherein the threshold voltage or drive current drifts with operation of the

gate.

[0006] A method of forming a dielectric layer suitable for use as the gate

dielectric layer in a MOSFET (metal oxide semiconductor field effect transistor)

includes nitridizing a thin silicon oxide film in a nitrogen-containing plasma.

Increasing the net nitrogen content in the gate oxide to increase the dielectric

constant is desirable for several reasons. For example, the bulk of the oxide

dielectric may be lightly incorporated with nitrogen during the plasma nitridation

process, which reduces the equivalent oxide thickness (EOT) over the starting

oxide. This may result in a gate leakage reduction, due to tunneling during the

operation of a FET, at the same EOT as the un-nitrided oxide dielectric. At the

same time, such an increased nitrogen content may also reduce damage induced by

Fowler-Nordheim (F-N) tunneling currents during subsequent processing operations,

provided that the thickness of the dielectric is in the F-N tunneling current range.

Another benefit of increasing the net nitrogen content of the gate oxide is that the

nitridized gate dielectric is more resistant to the problem of gate etch undercut,

which in turn reduces defect states and current leakage at the gate edge.



[0007] In United States Patent No. 6,610,615, titled "Plasma Nitridation For

Reduced Leakage Gate Dielectric Layers" and issued on Aug. 26, 2003, McFadden

et al. compares nitrogen profiles in a silicon oxide film for both thermal and plasma

nitridation processes (see Figure 1B). The nitrided oxide films are disposed on a

silicon substrate. Figure 1B further shows the nitrogen profiles in the crystalline

silicon beneath the oxide film. The nitrogen profile data 22 for the thermally nitrided

oxide shows a first concentration of nitrogen at a top surface of an oxide layer, a

generally declining concentration of nitrogen deeper in the oxide, an interfacial

accumulation of nitrogen at the oxide-silicon interface, and finally, a nitrogen

concentration gradient that is generally declining with distance into the substrate. In

contrast, it can be seen that the plasma nitridation process produces a nitrogen

profile 24 that is essentially monotonically decreasing from the top surface of the

oxide layer through the oxide-silicon interface and into the substrate. The

undesirable interfacial accumulation of nitrogen seen with a thermal nitridation

process does not occur with the ionic bombardment of the nitrogen plasma.

Furthermore, the nitrogen concentration in the substrate is lower, at all depths, than

is achieved with the thermal nitridation process.

[0008] As mentioned earlier, a benefit of increasing nitrogen concentration at the

gate electrode-gate oxide interface is that dopant, such as boron, out-diffusion from

polysilicon gate electrodes into or through the gate oxide is reduced. This improves

device reliability by reducing defect states in the bulk of the gate oxide caused by,

for example, in-diffused boron from a boron doped polysilicon gate electrode.

Another benefit of reducing nitrogen content at the gate oxide-silicon channel

interface is the reduction of fixed charge and interface state density. This improves

channel mobility and transconductance. Therefore, plasma nitridation process has

advantages over thermal nitridation process.

[0009] As semiconductor devices become smaller, the size of the silicon nitrided

gate oxide layer has reached it practical limit. However, with the further scaling of

nitrided silicon dioxide gate dielectric to smaller physical thicknesses (from 10 A),

the gate leakage has increased to unacceptable levels for practical device

applications. Since the demand for reduced device sizes remains, new gate



dielectric materials and/or processes are needed.

[0010] Replacement of silicon dioxide (Siθ 2) with a high-k dielectric type material

has presented challenges. For example, high-k dielectric materials are typically

deposited using chemical vapor deposition (CVD) or atomic layer deposition (ALD)

techniques that tend to cause the carbon containing precursor material and other

contaminants to be incorporated in the deposited film. The carbon and other

contaminants adversely affect the dielectric properties of the gate dielectric layer.

Also, the quality of the interface between a chemical vapor deposition (CVD) or

atomic layer deposition (ALD) deposited high-k film and the channel region is not as

robust as a silicon dioxide layer.

[0011] Therefore, there is a need in the art for a method and an apparatus for

forming a gate dielectric layer that has improved dielectric properties and a smaller

EOT.

SUMMARY OF THE INVENTION

[0012] The present invention generally provides a method of forming a

semiconductor device, comprising forming a dielectric layer having a desired

thickness on a surface of a substrate, disposing an amount of a first material within

the dielectric layer to form a first concentration gradient through at least a portion of

the thickness of the formed dielectric layer, disposing an amount of a second

material within the dielectric layer to form a second concentration gradient through at

least a portion of the thickness of the formed dielectric layer, and depositing a third

material over the dielectric layer.

[0013] Embodiments of the invention further provide a method of forming a

semiconductor device, comprising forming a silicon containing dielectric layer having

a desired thickness on a surface of a substrate, forming a high-k dielectric layer

having a desired thickness over the silicon containing dielectric layer, disposing an

amount of a first material within the high-k dielectric layer to form a concentration

gradient through at least a portion of the thickness of the formed high-k dielectric

layer, wherein the second material is selected from a group of materials comprising

hafnium, lanthanum, aluminum, titanium, zirconium, strontium, lead, yttrium, and



barium, disposing an amount of a second material within the dielectric layer to form

a second concentration gradient through at least a portion of the thickness of the

formed high-k dielectric layer, wherein the second material is selected from a group

of materials comprising hafnium, lanthanum, aluminum, titanium, zirconium,

strontium, lead, yttrium, and barium, and depositing a gate electrode material over

the high-k dielectric layer, the first material, and the second material.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] So that the manner in which the above recited features of the present

invention can be understood in detail, a more particular description of the invention,

briefly summarized above, may be had by reference to embodiments, some of which

are illustrated in the appended drawings. It is to be noted, however, that the

appended drawings illustrate only typical embodiments of this invention and are

therefore not to be considered limiting of its scope, for the invention may admit to

other equally effective embodiments.

[0015] Figure 1A (prior art) is a schematic cross-sectional view of FET and can be

produced in accordance with the present invention.

[0016] Figure 1B (prior art) is a graph showing nitrogen concentration profiles, based

on secondary ion mass spectroscopy data, for a conventional thermal nitridation

process and for a conventional plasma nitridation process.

[0017] Figure 2A is a process flow diagram illustrating a method for fabricating a

gate dielectric of a field effect transistor in accordance with one embodiment of the

present invention.

[0018] Figure 2B is a process flow diagram illustrating a method for fabricating a

gate dielectric of a field effect transistor in accordance with one embodiment of the

present invention.

[0019] Figure 2C is a process flow diagram illustrating a method for fabricating a

gate dielectric of a field effect transistor in accordance with one embodiment of the

present invention.

[0020] Figure 2D is a process flow diagram illustrating a method for fabricating a



gate dielectric of a field effect transistor in accordance with one embodiment of the

present invention.

[0021] Figure 2E is a process flow diagram illustrating a method for fabricating a

gate dielectric of a field effect transistor in accordance with one embodiment of the

present invention.

[0022] Figure 2F is a process flow diagram illustrating a method for fabricating a

gate dielectric of a field effect transistor in accordance with one embodiment of the

present invention.

[0023] Figures 3A-3F illustrate a series of schematic cross-sectional views of a

substrate upon which a gate structure is fabricated using the method of Figure 2A.

[0024] Figure 4A illustrates a schematic cross-sectional view of a plasma treatment

chamber according to another embodiment of the invention.

[0025] Figure 4B illustrates a schematic cross-sectional view of a plasma treatment

chamber according to another embodiment of the invention.

[0026] Figure 4C illustrates a schematic cross-sectional view of a plasma treatment

chamber according to one embodiment of the invention.

[0027] Figure 4D is a table of theoretical calculations that illustrate the various

properties of a hafnium and lanthanum targets according to one embodiment of the

invention.

[0028] Figure 4E is a graph of self-bias voltage versus frequency for a capacitively

coupled plasma processing chamber according to one embodiment of the invention.

[0029] Figure 4F illustrates a schematic cross-sectional view of a plasma processing

chamber according to one embodiment of the invention.

[0030] Figure 4G illustrates a schematic cross-sectional view of a plasma processing

chamber according to one embodiment of the invention.

[0031] Figure 4H illustrates a schematic cross-sectional view of a plasma processing

chamber according to one embodiment of the invention.

[0032] Figure 4 I illustrates a schematic cross-sectional view of a plasma processing



chamber according to one embodiment of the invention.

[0033] Figures 4J illustrates a schematic side view of a high-k dielectric layer formed

on a surface of a substrate described within an embodiment herein.

[0034] Figure 4K illustrates a graph of concentration versus depth into a high-k

dielectric region of a substrate illustrated in Figure 4J that is within an embodiment

herein.

[0035] Figures 4L illustrates a schematic side view of a high-k dielectric layer formed

on a surface of a substrate described within an embodiment herein.

[0036] Figure 4M illustrates a graph of concentration versus depth into a high-k

dielectric region of a substrate illustrated in Figure 4L that is within an embodiment

herein.

[0037] Figure 4N illustrates a schematic side view of a high-k dielectric layer formed

on a surface of a substrate described within an embodiment herein.

[0038] Figure 4O illustrates a graph of concentration versus depth into a high-k

dielectric region of a substrate illustrated in Figure 4N that is within an embodiment

herein.

[0039] Figure 4P illustrates a modeling data used in accordance with one

embodiment of the present invention.

[0040] Figure 5A illustrates the timing of the off-cycle of the pulsed RF/VHF

excitation energy and pulsed DC voltage applied to a target according to another

embodiment of the invention.

[0041] Figure 5B illustrates the timing of the off-cycle of the pulsed RF/VHF

excitation energy and pulsed DC voltage applied to a target according to another

embodiment of the invention.

[0042] Figure 5C illustrates the timing of the off-cycle of the pulsed DC voltage and

continuous RF/VHF energy applied to a target according to another embodiment of

the invention.

[0043] Figure 6A is a process flow diagram illustrating a method 100 for fabricating a

gate dielectric of a field effect transistor in accordance with one embodiment of the



present invention.

[0044] Figures 6B-6G illustrate a series of schematic cross-sectional views of a

substrate upon which a gate structure is fabricated using the method of Figure 6A.

[0045] Figure 7 illustrates an integrated processing system according to one

embodiment of the invention.

DETAILED DESCRIPTION

[0046] The present invention generally provides methods and apparatuses that

are adapted to form a high quality dielectric gate layer on a substrate. Embodiments

contemplate a method wherein a metal plasma treatment process is used in lieu of a

standard nitridization process to form a high dielectric constant layer on a substrate.

Embodiments further contemplate an apparatus adapted to "implant" metal ions of

relatively low energy in order to reduce ion bombardment damage to the gate

dielectric layer, such as a silicon dioxide layer, and to avoid incorporation of the

metal atoms into the underlying silicon. Embodiments of the invention may be

useful in the formation of semiconductor devices, such as logic or memory devices.

Method of Fabricating a High Dielectric Constant Transistor Gate

[0047] Current state-of the art device fabrication processes have difficulty in

producing a gate dielectric layer that has a 5-10 A EOT that has a low leakage

current. The current state of the art process for 10-16A EOT in the 65nm to 90nm

transistor node uses a plasma nitridation process. However, as the nitrided silicon

dioxide gate dielectric layers are scaled to thinner physical thicknesses, for example

10 A, the gate leakage may increase to a level unacceptable for practical device

applications. To resolve the gate leakage issue at smaller dielectric layer

thicknesses, the following processes may be used to replace the plasma nitridation

process with a deposition process that will form a high-k dielectric oxide or silicate,

contain materials, such as hafnium (Hf), lanthanum (La), aluminum (Al), titanium

(Ti), zirconium (Zr), strontium (Sr), lead (Pb), yttrium (Y), or barium (Ba).

[0048] The present invention contemplates a method for fabricating a gate

dielectric in a field effect transistor for logic type applications that have a thin gate



dielectric thickness between about 5 and about 10 Angstroms (A) equivalent

(electrical) oxide thickness (EOT). The present invention also contemplates a

method for fabricating a gate dielectric layer in a field effect transistor for memory

type applications that have a gate dielectric layer that is between about 10 A and

about 30 A equivalent (electrical) oxide thickness (EOT). This process may be used

in the fabrication of integrated semiconductor devices and circuits.

Gate Oxide Layer Formation Method and Apparatus

[0049] In an effort to resolve common gate performance issues found in 45

nanometer (nm) and smaller MOS type devices a novel process has been created to

reduce and/or eliminate defects, such as Fermi-level pinning or threshold voltage

pinning. In general, the process includes the steps of forming a high-k dielectric and

then terminating the surface of the deposited high-k material to form a good

interface between the gate electrode and the high-k dielectric material.

Embodiments of the invention also provide a cluster tool that is adapted to form a

high-k dielectric material, terminate the surface of the high-k dielectric material,

perform one or more post treatment steps, and form the polysilicon and/or metal

gate layers.

[0050] Figure 2A illustrates a process sequence 251 that contains a series of

method steps that are used to fabricate a gate dielectric of a field effect transistor in

accordance with one embodiment of the present invention. The process sequence

251 generally includes processing steps performed upon a substrate to form a gate

structure of an exemplary MOS type device. Figures 3A-3F illustrate a region of a

substrate 401 over which a gate oxide layer and gate are formed using the steps in

process sequence 251 shown in Figure 2A. The images in Figures 3A-3F are not

depicted to scale and are simplified for illustrative purposes. At least portions of the

process sequence 251 may be performed using processing reactors in an integrated

semiconductor substrate processing system (i.e., a cluster tool), such as the one

shown in Figure 7.

[0051] The process sequence 251 starts at step 252 and proceeds to step 268.



At step 252, a silicon (Si) substrate 401 is provided (e.g., 200 mm wafer, 300 mm

semiconductor wafer) and exposed to a cleaning solution for removing a native

oxide layer 401 A {e.g., silicon dioxide (SiO2)) from a surface of the substrate (Figure

3A). In one embodiment, the native oxide layer 401 A is removed using a cleaning

solution comprising hydrogen fluoride (HF) and deionized (Dl) water. In one

embodiment, the cleaning solution is an aqueous solution that contains between

about 0.1 and about 10% by weight of HF that is maintained at a temperature

between about 20 and about 300C. In one example, the cleaning solution comprises

about 0.5 wt% of HF is maintained at a temperature of about 25°C. During step 252

the substrate 401 can be immersed into the cleaning solution, and then rinsed in de-

ionized water. Step 252 may be performed in either a single substrate processing

chamber or a multiple substrate batch type processing chamber that may include

delivery of ultra-sonic energy during processing. Alternatively, the step 252 may be

performed using a single substrate wet cleaning reactor of the integrated processing

system 600 (Figure 7). In another embodiment, the native oxide layer 401 A may be

removed using an RCA clean method. Upon completion of step 252, the substrate

401 is placed in a vacuum load lock or nitrogen (N2) purged environment.

Alternatively, step 252 may be performed using a single substrate wet clean reactor

of the integrated processing system 600 (Figure 7).

[0052] At step 254, a thermal oxide (SiO2) layer 402 is grown on the cleaned

surface 401 B of the substrate 401 (Figure 3B). Generally, the thermal oxide layer

402 may have a thickness between about 3 and about 35 Angstroms. In logic type

applications the thermal oxide layer 402 may have a thickness between about 6 and

about 15 Angstroms, while in memory type applications the thermal oxide layer 402

may have a thickness between about 15 and about 40 Angstroms. Embodiments of

the invention may also be used in applications where the thermal oxide layer 402

may have a thickness greater than 35 Angstroms. The thermal oxidation step 254

results in the formation of silicon dioxide (SiO2) sub-layers to form on the silicon

dielectric film interface. It is believed that step 254 improves the quality and

reliability of the dielectric/silicon interface over dielectric layers that are deposited

{e.g., high-k dielectric layer 404 in Figure 3D), while also increasing the mobility of



charge carriers in the channel region below the surface 401 B. Step 254 can be

performed using, a rapid thermal processing (RTP) reactor positioned in one of the

substrate processing chambers 614A-614F in the integrated processing system 600

shown in Figure 7. One suitable RTP chamber is the RADIANCE ® RTP chamber,

available from Applied Materials, Inc., of Santa Clara, California. In one example, a

6 A silicon dioxide (SiO2) film is formed on a surface 401 B of a substrate 401 using

an 18 second, 750 °C, 2 Torr process that has a 2 slm flow rate of oxygen (O2) gas.

In this example, oxygen is the reactive gas injected into the process chamber during

the formation of the thermal oxide layer 402, while in some cases an inert carrier gas

may be added to the process chamber to achieve a desired chamber pressure.

Alternately, in some cases it may be desirable to use a reactive gas, such as nitric

oxide (NO) and nitrous oxide (N2O), or a reactive gas mixture such as hydrogen

(H2)/oxygen (O2) and nitrous oxide (N2O)/hydrogen (H2) , during step 254.

[0053] In step 257, thermal oxide layer 402 is exposed to a metal ion containing

plasma that is used to dope the thermal oxide layer with a desirable material to form

a high-k dielectric layer 403. The high-k dielectric layer 403, formed in step 257,

may be a silicon dioxide layer that is doped with hafnium (Hf), lanthanum (La), or

other similar material. In one embodiment, a low energy deposition process is

performed using a process chamber similar to the chambers described in reference

with Figures 4A-4C and Figure 4F, now referenced below. In one embodiment, it is

desirable to deliver the dopant material into the thermal oxide layer 402 by creating

a plasma using RF energy delivered to the processing region 522 and then forming

a cathodic bias on a target {e.g., reference numerals 505 in Figure 4A or 571 in

Figure 4B) to sputter material therefrom. In one aspect, it is also desirable to RF

bias, DC bias, or ground the substrate support 562 to cause the sputtered and

ionized material to implant a desired range of depths within the thermal oxide layer

402. In another aspect, it is desirable to allow the substrate support 562 to

electrically "float" so that the voltage created between the substrate support 562

relative to the plasma, due to the generation of a self bias, is low to reduce the

energy of the ionized material striking the thermal oxide layer 402. Various methods

of delivering low energy material to dope the thermal oxide layer 402 are discussed



below in conjunction with Figures 4A-4F and Figures 5A-5C. By careful control of

the chamber pressure, RF power, pulsed DC power, bias applied to the substrate

support 562 and/or the processing time, the amount of dopant and the concentration

versus depth of the dopant material in the thermal oxide layer 402 can be controlled.

In one embodiment, the plasma may contain argon ions and a metal ion, such as

hafnium hafnium, lanthanum, aluminum, titanium, zirconium, strontium, lead, yttrium,

and barium, as well as may contain one or more optional inert gases. Typical inert

gases may include neon (Ne), helium (He), krypton (Kr), xenon (Xe), nitrogen (N2) ,

and the like.

[0054] In one example, the thermal oxide layer 402 is doped with between about

5 and about 30 atomic percent (atomic %) of hafnium (Hf). It is generally desirable

to reduce the dopant concentration in the thermal oxide layer 402 so that it tails off

to near zero at or at least a few Angstroms before the interface between thermal

oxide layer 402 and silicon channel surface {e.g., surface 401 B). In one example,

when using an inductively coupled version of the processing chamber (reference

numeral 500 in Figure 4A) a 10 atomic % (average) concentration of hafnium (Hf) is

disposed within the thermal oxide layer 402 using a 180 second and 10 mTorr

chamber pressure process {e.g., primarily argon gas) that applies -150 VDC to a

hafnium target (reference numeral 505) and delivers RF energy to a coil (reference

numeral 509) at a frequency of 13.56 MHz and a power of 50 Watts using a 5% duty

cycle using a "floating" substrate pedestal. In another example, when using a

process configuration similar to the one shown in Figure 4G a 7 atomic %

concentration of hafnium (Hf) (average) is disposed within the thermal oxide layer

402 using a 180 second and 10 mTorr chamber pressure process (e.g., primarily

argon gas) that applies about a 100 watt average RF power (i.e., -5% duty cycle

and -2000W peak RF power) to a hafnium containing target 505 and applies about

a 100 Watt average RF power (i.e., -5% duty cycle and -2000W peak RF power) to

the coil 509 at a frequency of 13.56 MHz using a "floating" substrate pedestal. In

one embodiment, to prevent damage to the thermal oxide layer 402 during step 257

the average RF power is held to a level less than about 1000W. In another

embodiment, the average RF power used during step 257 is less than about 200W.



In yet another embodiment, the average RF power used during step 257 is less than

about 5OW. In one embodiment, step 257 is performed using, a low energy plasma

processing chamber (e.g., processing chamber 500 or process chamber 501)

positioned in one of the substrate processing chambers 614A-614F in the integrated

processing system 600 shown in Figure 7.

[0055] In one embodiment, as illustrated in Figures 2A and 3D, instead of forming

a high-k dielectric layer 403 from the thermal oxide layer 402 using steps 254 and

257, an alternate step 256 may be performed to deposit a high-k dielectric layer 404

on the surface 401 B of the substrate 401 using a metal organic chemical vapor

deposition (MoCVD) process, atomic layer deposition (ALD) process or other similar

deposition process. The high-k dielectric layer 404 may contain, but is not limited to

zirconium oxide (ZrO2) , hafnium oxide (HfxOy), hafnium aluminate (HfAIO x) , hafnium

silicate oxides (HfxSii -xOy) , lanthanum oxides (La2O3) , and/or aluminum oxide

(AI2O3) . Step 256 can be performed using an atomic layer deposition system, for

example, a Centura ALD High-K system available from Applied Materials Inc. An

ALD type reactor may also be positioned in one of the substrate processing

chambers 614A-614F in the integrated processing system 600 shown in Figure 7.

[0056] In step 259, the surface of the high-k dielectric layer 403, or the high-k

dielectric layer 404, is terminated by performing a plasma deposition process to form

a terminating region 405. In general the terminating region 405 is formed by either

depositing a layer material and/or doping a region of the high-k dielectric layer 403,

or the high-k dielectric layer 404. It is believed that the addition of a terminating

region 405 that contains a passivating material, such as lanthanum oxide (La2O3) or

aluminum oxide (AI2O3) will passivate the surface and resolve the Fermi-level

pinning or threshold voltage shift, problems commonly found in conventional ALD or

MoCVD high-k films. In one embodiment, the high-k dielectric layer 403, or the high-

k dielectric layer 404, is doped with between about 0.1 and about 10 atomic % of

lanthanum (La) and/or between about 0.1 and about 10 atomic % of aluminum (Al).

In another embodiment, the high-k dielectric layer 403, or the high-k dielectric layer

404, is doped with between about 0.25 and about 5 atomic % of lanthanum (La)

and/or between about 1 and about 10 atomic % of aluminum (Al). It is believed that



it is desirable to reduce the dopant concentration in the high-k dielectric layer 403, or

the high-k dielectric layer 404, so that it only extends a few Angstroms within the

high-k dielectric layer 403, or the high-k dielectric layer 404. In one embodiment, a

lanthanum (La) dopant is driven into the high-k dielectric layer 403 using the process

chambers discussed below in Figures 4A- 4C. In one example, a 0.5 atomic %

(average) concentration of lanthanum (La) is driven into a 10 atomic % hafnium

doped high-k dielectric layer 403 using a 120 second and 10 mTorr chamber

pressure process (e.g., primarily argon gas) that applies - 100 VDC to a lanthanum

target (e.g., reference numeral 505 in Figure 4A) and delivers RF energy to a coil

(e.g., reference numeral 509 Figure 4A) at a frequency of 13.56 MHz and a power of

50 Watts using a 5% duty cycle using a "floating" substrate pedestal.

[0057] In one embodiment, the step 259 may be performed in a process chamber

similar to a process chamber 500 or a process chamber 501 illustrated in Figures

4A-4C. In this configuration the terminating region 405 is formed by performing a

low energy implant type process, similar to the process described above in step 257.

In one aspect, the dopant material is delivered into the upper most region of the

high-k dielectric layer 403 by creating a plasma using RF energy delivered to the

processing region 522 and then forming a cathodic bias on the target 505 to sputter

material therefrom. The substrate support 562 may be RF biased, DC biased,

grounded, or float to cause the sputtered and ionized material to implant into the

high-k dielectric layer 403. Various methods of delivering low energy material to

dope the high-k dielectric layer 403 are discussed below in conjunction with Figures

4A-4F and Figures 5A-5C, below. Therefore, by careful control of the chamber

pressure, RF power, pulsed DC bias, optional bias applied to the substrate support

562 and/or the processing time, the amount of dopant and concentration versus

depth of the dopant material in the high-k dielectric layer 403 can be controlled. In

one embodiment, the dopant is an aluminum containing material, a lanthanum

containing material, or other similar material.

[0058] In one embodiment, step 259 may be performed using a processing

chamber 500 positioned in one of the substrate processing chambers 614A-614F in

the integrated processing system 600 shown in Figure 7. In one aspect, the



processing chamber 500 used to perform step 259 is a different processing chamber

than the processing chamber used to perform step 257. In another embodiment, a

single processing chamber 500 that is attached to the integrated processing system

600 is used to perform steps 257 and 259, but each step is performed using a

different target material that are disposed within the processing region 522 of the

processing chamber 500.

[0059] In another embodiment of step 259, the terminating region 405 may be an

additional layer of material that is deposited on the surface of the high-k dielectric

layer 403 by performing a sputtering process. In one aspect, the sputtering process

is performed using a process chamber similar to a process chamber 500 or a

process chamber 501 illustrated in Figures 4A-4C. In this configuration the

terminating region 405 is formed by depositing the target material on top of the high-

k dielectric layer 403 by creating a plasma using RF energy delivered to the

processing region 522 and then forming a cathodic bias on the target 505 to sputter

material therefrom. The substrate support 562 may be RF biased, grounded, or

electrically float to control the energy and depth of the sputtered and ionized material

that will implant into the high-k dielectric layer 403. In one embodiment, the

deposited layer contains aluminum (Al), lanthanum (La), or other suitable materials.

[0060] In one embodiment, the optional step 260 utilizes an oxygen containing

RF plasma to oxidize the exposed materials to convert them into a dielectric

material. In one example, the high-k dielectric layer 403, the high-k dielectric layer

404 and/or terminating region 405 are exposed to an oxygen containing plasma to

form an aluminum oxide or a lanthanum oxide. In another embodiment, the plasma

contains nitrogen (N2) , and may also contain one or more oxidizing gas, such as O2,

NO, N O. The plasma may also contain one or more optional inert gases, such as

argon (Ar), and helium (He). Step 260 can be performed using, for example, a

decoupled plasma nitridation (DPN) plasma reactor of the integrated processing

system 600 (Figure 7). In one embodiment, a thermal oxidation step is used instead

of a plasma oxidation step to oxidize the exposed material to convert it into a

dielectric material. In one example, the plasma oxidation process is performed

using a 5% duty cycle and 1000W peak power (i.e., 5OW average power) at RF



frequency of 13.56 MHz for 30 seconds using a nitrogen flow rate of about 100 seem

and a oxygen flow rate of about 100 seem to oxidize the exposed materials.

[0061] In an alternative embodiment, the optional step 262 is used in place of

step 260. In step 262, the high-k dielectric layer 403, or the high-k dielectric layer

404, and substrate 401 are annealed at a temperature between about 600 °C and

about 1100 °C. A lower temperature anneal such as anneal performed at a

temperature between about 600 °C and about 800 0C may be advantageously used

to prevent the crystallization of a prior deposited material, such as hafnium with

silicon (Si), oxygen (O2) , or both. Step 262 can be performed using, a suitable

thermal annealing chamber, such as a RADIANCE ® or RTP XE+ reactor of the

integrated processing system 600, or either a single substrate or batch furnace. The

step 262 results in the formation of silicate sub-layers within the high-k dielectric

layer 403 or terminating region 405. In one embodiment, the step 262 may

performed by providing at least one of oxygen (O2) between about 2 and about 5000

seem and nitric oxide (NO) between about 100 and about 5000 seem, either gas

optionally mixed with nitrogen (N2) , while maintaining a substrate surface

temperature between about 600 and about 1100°C, and a pressure in the process

chamber between about 0.1 and about 50 Torr. The process may be performed for

about 5 - 180 seconds. In one example, step 262 is a 15 second, 900 °C, 1 Torr

process that has a 60 seem flow rate of oxygen (O2) gas and a 940 seem flow rate of

nitrogen (N2) gas. In another example, O2 is provided at about 200 seem (e.g.,

about 200 mT partial pressure of oxygen) and nitrogen (N2) is provided at about 800

seem while maintaining the process chamber at a temperature of about 1000°C and

a pressure of about 1 Torr, for a duration of about 15 seconds. In another yet

example, NO is provided at about 500 seem, while maintaining the chamber at a

substrate temperature of about 1000 0C and a pressure of about 0.5 Torr, for

duration of about 15 seconds.

[0062] In one embodiment, neither steps 260 or 262 are performed after

performing either of the steps 256, 257, or 259. In one embodiment of process

sequence 251 , an oxidation step, similar to step 260 or step 262, may be preformed

in between steps 257 and 259 to re-oxidize the dopant material deposited in step



257 before the terminating region 405 is deposited over the high-k dielectric layer

403.

[0063] At step 264 the terminating region 405 and high-k dielectric layer 403, or

the high-k dielectric layer 404, are treated in a nitrogen plasma to enhance the

amount of nitrogen in these areas. The process may be formed using a DPN reactor

by providing nitrogen (N2) between about 10 and about 2000 seem, a substrate

pedestal temperature between about 20 and about 500°C, and a pressure in the

reaction chamber between about 5 and about 200 mTorr. The radio-frequency (RF)

plasma is energized, for example at 13.56 MHz or 60 MHz, using either a

continuous wave (CW) or pulsed plasma power source of up to about 3 to 5 kW.

During pulsing, peak RF power, frequency and a duty cycle are typically selected in

the ranges between about 10 and about 3000 W , about 10 kHz, and about 2 and

about 100%, respectively. This process may be performed for about 1 second to

about 180 seconds. In one example, N2 is provided at about 200 seem, and about

1000 W of peak RF power is pulsed at about 10 kHz with a duty cycle of about 5%

applied to an inductive plasma source, at a temperature of about 25°C and a

pressure between about 10 and about 80 mTorr, for about 15 sec. to about 180 sec.

The plasma may be produced using a quasi-remote plasma source, an inductive

plasma source, or a radial line slotted antenna (RLSA) source, among other plasma

sources. In alternate embodiments, sources of CW and/or pulsed microwave power

may be used to form a region that has a high nitrogen content.

[0064] At step 266, the substrate 401 may be annealed to reduce the leakage

current between the layers formed on the substrate 401 and increases mobility of

charge carriers in the channel region below the surface 401 B, as well as improve the

reliability of the formed device. Step 266 can help to reduce the number of defects

in the layers formed on the substrate 401 . It is believed that the act of annealing, or

passivating, the nitrided layer formed in step 264 during step 266 will also help

promote the formation of an effective barrier to the diffusion of boron from a boron

doped polysilicon gate electrode. Step 266 can be performed using, a suitable

thermal annealing chamber, such as a RADIANCE ® or RTP XE+ reactor of the

integrated processing system 600, or either a single substrate or batch furnace. In



one embodiment, the annealing process of step 266 may performed by providing at

least one of oxygen (O2) at a flow rate between about 2 and about 5000 seem and

nitric oxide (NO) at a flow rate between about 100 and about 5000 seem, either gas

optionally mixed with nitrogen (N2) , while maintaining a substrate surface

temperature between about 800 and about 11000C, and a pressure in the reaction

chamber between about 0.1 and about 50 Torr. The process may be performed for

about 5 - 180 seconds. In one embodiment, oxygen (O2) gas is provided at about

500 seem while maintaining the chamber at a temperature of about 1000°C and a

pressure of about 0.1 Torr, for a duration of about 15 seconds. In one embodiment,

step 266 uses a similar process recipe to the one used in step 262, discussed

above.

[0065] Upon completion of steps 260, 262, 264, or 266, one or more layers are

deposited over the formed layers to form the gate region, or gate electrode, of a

formed MOS device using step 268. In one embodiment of step 268, a polysilicon

layer is deposited in the gate region over the layers described above to provide a

gate electrode. In one example, a polysilicon layer is deposited using a

conventional polysilicon deposition process. In one embodiment, a polysilicon

deposition chamber (not shown) is part of the integrated processing system 600. In

one embodiment, polysilicon is deposited over the layers formed during the process

sequence 251 using an CVD or ALD reactor, such as a Centura CVD reactor

available from Applied Materials Inc., which comprises one of the substrate

processing chambers 614A-614F in the integrated processing system 600 shown in

Figure 7.

[0066] In another embodiment of step 268, as shown in Figure 3F, the gate

region 408 contains multiple conductive layers, such as a thin metal layer 407 and a

polysilicon layer 406. In one embodiment, the gate region 408 contains a thin metal

layer 407 that is deposited over the layers formed during the process sequence 251

to provide a gate material that has a higher carrier concentration than traditional

polysilicon gate materials. The thin metal layer 407 may have a thickness between

about 5 and about 200 angstroms (A), and more preferably less than about 30 A. In

one embodiment, the thin metal layer 407 contains a metal such as tantalum (Ta),



tantalum nitride (TaN), tantalum carbide (TaC), tantalum carbon nitride (TaCN),

tungsten (W), tungsten nitride (WN), tantalum silicon nitride (TaSiN), hafnium (Hf),

aluminum (Al), platinum (Pt), ruthenium (Ru), cobalt (Co), titanium (Ti), nickel (Ni),

titanium aluminum nitride (TiAIN), ruthenium nitride (RuN), hafnium nitride (HfN),

nickel suicide (NiSi), titanium nitride (TiN) or other suitable material. The thin metal

layer 407 may be advantageously formed using the process chamber 500 (Figure

4A) or process chamber 501 (Figure 4B-4C) that is attached to the integrated

processing system 600 shown in Figure 7 . In this configuration the thin metal layer

407 is formed by depositing the target material over the layers formed during the

process sequence 251 by creating a plasma using RF energy and biasing the target

to sputter a metal there from, and then optionally biasing the substrate support 562

(Figures 4A-4B) to cause the sputtered and ionized metal material to deposit over

the previously formed layers. The use of the RF energy to drive the sputter

deposition process very allows small amounts of material to be reliably deposited on

the substrate surface. Conversely, conventional physical vapor deposition, or

sputtering, techniques are severely limited in their ability to reliably deposit small

layers of material since the applied sputtering (DC) voltage required to lower the

deposition rate to a low enough level to form a thin metal layer will generally not

sustain the sputtering plasma. In other embodiments, the thin metal layer 407 may

be formed using a conventional CVD, PECVD or ALD process.

[0067] Figure 2B illustrates another embodiment of the process sequence 251 .

The process sequence 251 illustrated in Figure 2B are the same as the method

steps illustrated in Figure 2A except that at least one of the two optional steps 258A

and/or 258B are added between the step 257, or step 256, and step 259. In one

embodiment, a plasma nitridation step is added to the process sequence 251 to

nitride one or more of the materials found in the high-k dielectric layer 403, or the

high-k dielectric layer 404, formed during one of the steps 254, 256 or 257. In one

example, it is desirable to form a hafnium nitride containing layer using the plasma

nitridation process to prevent the crystallization of a hafnium material found in the

high-k dielectric layer 403, or the high-k dielectric layer 404, during a subsequent

annealing step, such as steps 258B, 262, or 266. In one embodiment, step 258A is



performed using the processes discussed herein in conjunction with step 264.

[0068] In one embodiment, an optional thermal annealing step, step 258B, is

added to the process sequence 251 to reduce the defects and stress in the formed

high-k dielectric layer 403, or the high-k dielectric layer 404 to improve the reliability

of the formed device. In one embodiment, step 258B is performed using the

processes discussed herein in conjunction with step 262 and/or step 266. In one

embodiment, the step 258B is completed after performing step 258A discussed

above. In one example, step 258B is a 15 second, 900 °C, 1 Torr process that has

a 60 seem flow rate of oxygen (O2) gas and a 940 seem flow rate of nitrogen (N2)

gas.

[0069] Figure 2C illustrates another embodiment of the process sequence 251 .

The process sequence 251 illustrated in Figure 2C are the same as the steps

illustrated in Figure 2A except that the step 253 is added between the steps 252 and

254 and step 256 is performed after step 254. In this embodiment, a plasma

nitridation step, step 253, is added to the process sequence 251 after removing the

native oxide layer in step 252 to nitride the surface of the substrate prior to

performing steps 254 or 256. A nitrided silicon substrate surface is believed to help

form a desirable silicon oxynitride (SiON) layer that remains at or near the surface of

the silicon oxide layer formed during the subsequent thermal oxidation step (step

254). The formation of the SiON layer that remains at or near the surface of the

formed silicon dioxide layer may help minimize the diffusion of the gate electrode

material (step 268) into the gate dielectric layer during subsequent processing steps.

The order that steps 256 and 254 are performed in this embodiment has been

changed to allow a silicon oxiynitride (SiON) interracial layer to be formed prior

depositing the high-k dielectric layer using steps 256, which will help to improve the

characteristics of the interface between the high-k dielectric layer and the channel

region of the device. Step 253 may be performed in a DPN reactor that is available

from Applied Materials Inc., Santa Clara, California. In one example, step 253

utilizes a 10 second, 70 mTorr process using a 25W average RF power (5% duty

cycle at 500 W peak RF power), a gas flow of 200 seem of N2, and a substrate

temperature of about 25°C. Also, in one embodiment of the process sequence 251 ,



step 254 is altered to assure the desirable attributes of the nitrided silicon surface

performed in step 253 are retained. In this case it may be desirable to also inject

another reactive gas, such as nitrogen (N2) , along with oxygen into the process

chamber during step 254 to assure a high quality dielectric film is formed. In one

example, a silicon oxynitride (SiON) film is formed on the surface 401 B using a 30

second, 1050 0C, 5 Torr (i.e., 15mT partial pressure O2) process that has a 15 seem

flow rate of oxygen (O2) gas, and a 5 slm flow rate of nitrogen (N ) gas that is

followed by a modified gas setting of a 0.5 slm flow rate of oxygen (O2) gas and a

4.5 slm flow rate of nitrogen (N2) gas for 15 seconds.

[0070] Figure 2D illustrates another embodiment of the process sequence 251 .

The process sequence 251 illustrated in Figure 2D are the same as the steps

illustrated in Figure 2A except that the two optional step 255A or step 255B may be

added between the steps 254 and 257. In one embodiment, an optional plasma

nitridation step, step 255A, is added between steps 254 and step 257 to nitride the

top surface of the thermal oxide layer formed during steps 254 to form a SiON layer.

A SiON layer may act as a diffusion barrier to prevent gate electrode material from

diffusing into the gate dielectric layer. In one example, step 255A utilizes a 30

second, 10 mTorr process using a 5OW average RF power (5% duty cycle at 1000

W peak RF power), a gas flow of 200 seem of N2, and a substrate temperature of

about 25°C.

[0071] Referring to Figure 2D, in one embodiment, an optional thermal annealing

step, step 255B, is added to the process sequence 251 to reduce the defects and

stress in the formed high-k dielectric layer 403 to improve the reliability of the formed

device. In one example, the annealing process of step 255B may performed by

providing at least one of oxygen (O2) at a flow rate of about 15 seem and nitrogen

(N2) at a flow rate of about 500 seem, while maintaining a substrate surface

temperature of about 1050 0C, and a pressure in the reaction chamber between

about 1 to 5 Torr. In another embodiment, step 255B is performed using the

processes discussed herein in conjunction with step 262 and/or step 266. In one

embodiment, the step 255B is completed after performing step 255A discussed

above.



[0072] Figure 2E illustrates another embodiment of the process sequence 251 .

The process sequence 251 illustrated in Figure 2E are the same as the steps

illustrated in Figure 2A except that step 254 has been removed, and step 252 has

been modified (new step 252A) to allow a wet cleaning process to form an interfacial

silicon oxide containing layer. In this embodiment, the new step 252A cleans and

intentionally forms an oxide layer on the surface 401 B of the substrate using a wet

cleaning process. The new step 252A may be performed in an Emersion™ chamber

that is available from Applied Materials Inc., Santa Clara, California. In one

example, a 4 to 5 angstroms (A) oxide layer is formed during step 252A by

immersing the substrate for 8 minutes in a dilute hydrofluoric acid (HF) bath, then

rinsing and immersing the substrate in a standard clean 1 (SC1 ) bath {e.g., <5% vol.

of ammonium hydroxide (NH4OH)/<3% vol. of hydrogen peroxide (H2O2)/balance Dl

water) that is maintained at 50 0C for 6 minutes, and then rinsing the substrate in a

megasonic actuated tank (i.e., 1500W) containing Dl water for a desired period of

time. In another example, an oxide layer may be formed by wet clean process that

uses an ozone (O3) containing cleaning solution.

[0073] Figure 2F illustrates another embodiment of the process sequence 251 .

The process sequence 251 illustrated in Figure 2F are the same as the steps

illustrated in Figure 2A except that step 256 is performed after step 254. In this

embodiment, the order that steps 256 and 254 are performed has been changed to

allow a thin silicon dioxide (SiO2) layer (e.g., <10 A) to be formed prior depositing the

high-k dielectric layer during steps 256. In one embodiment, a thin high-k dielectric

layer 404 is deposited on a thermal oxide layer 402, which is grown in step 254,

using an ALD type deposition process. This configuration is believed to be useful

since the formed thin silicon dioxide layer during step 254 will provide a good

dielectric/channel region interface at the junction between the dielectric layer and the

channel region of the device, while providing desirable dielectric characteristics of

the complete stack.

Hardware Aspects of the Design

[0074] As discussed above, it is desirable to form a high-k dielectric layer using a



plasma treatment process that is discussed in conjunction with steps 257 and 259

discussed above. Plasma processes that use large plasma potentials, for example

on the order of tens of volts can cause damage to the thin gate dielectric layers and

even cause incorporation of the bombarding metal atoms into the underlying

channel region of the formed MOS device. The damage to a dielectric layer, such

as silicon dioxide or incorporation of the metal atoms into the underlying regions is

undesirable due to a reduction in device performance and increased current

leakage. The various embodiments discussed below can be used to reliably form a

gate dielectric layer using a plasma treatment process. Examples of various

apparatuses that may be used to perform such a metal plasma treatment is

described below in conjunction with Figures 4A-4C and 4F.

Inductively Coupled Plasma Processing Chamber

[0075] Figure 4A illustrates a schematic cross-sectional view of one embodiment

of a plasma processing chamber 500 that can be used to perform the processes

described in steps 257 and/or 259 above. In this configuration, the processing

chamber 500 is an inductively coupled plasma processing chamber that is able to

process a substrate 502, such as substrate 401 (Figure 3A), in a processing region

522. In one embodiment, the processing chamber 500 is a modified Decoupled

Plasma Nitridation (DPN) Chamber that is available from Applied Materials of Santa

Clara, which uses inductively coupled RF source.

[0076] The process chamber 500 generally contains an inductive RF source

assembly 591 , a DC source assembly 592, a target 505, a system controller 602, a

process chamber assembly 593, and a substrate support assembly 594. The

process chamber assembly 593 generally contains the components that can form a

vacuum in the processing region 522 so that a plasma process can be performed

therein. In general the process chamber assembly 593 will contain a chamber base

527, chamber walls 528 and chamber lid 529 that sealably enclose the processing

region 522. The processing region 522 can be evacuated to a desired vacuum

pressure by the use of a vacuum pump 510 that is connected to the processing

region 522 through the chamber base 527 and/or chamber walls 528. Generally, the



chamber walls 528 and chamber base 527 may be formed from a metal, such as

aluminum, or other suitable material. In one embodiment, the chamber walls 528

may have removable chamber shields (not shown) that prevent the sputtered

material from the target 505 from landing on the chamber walls 528.

[0077] The inductive RF source assembly 591 generally contains an RF

generator 508 and an RF match 508A that are connected to a coil 509 that is

positioned adjacent to the chamber lid 529. In one embodiment, the RF generator

508 may operate at between about 0 and about 3000 W at a frequency between

about 400 kHz and about 20 MHz. In one example, the RF generator 508 operates

at a frequency of 13.56 MHz. The chamber lid 529 is generally a dielectric

component (e.g., quartz, ceramic material) that is adapted to allow the RF energy

delivered from the inductive RF source assembly 591 to form a plasma in the

processing region 522. In one embodiment, the coil 509 may be positioned close to

the target 505 so that the plasma generated in the processing region 522 is formed

near the active surface of the target during the sputtering process. Control of the

plasma near the active surface can help control the plasma density near the region

of the target that is being sputtered during the low energy sputter deposition

process. This configuration may also be useful to reduce the amount of unwanted

plasma bombardment of the ultra-thin gate dielectric layer due to the plasma

generated by the coil 509.

[0078] In one embodiment, the chamber lid 529 is modified to allow a vacuum-

sealed electrical feed-through 504 to contact the target 505 that is positioned in the

processing region 522. In this configuration, a coaxial cable 506 is connected from

vacuum-sealed electrical feed-through 504 to deliver energy from the DC power

supply 507 to cause ions created in the plasma to sputter material from the target

505 onto the substrate 502. In one aspect, discussed below in conjunction with

Figures 5A-5C the system controller 602 is used to synchronize the output from the

RF generator 508 and the DC power delivered from the DC source assembly 592.

In one embodiment, the target 505 may be formed from a pure material or alloy

containing an element selected from a group hafnium (Hf), lanthanum (La),

aluminum (Al), titanium (Ti), zirconium (Zr), strontium (Sr), lead (Pb), yttrium (Y), or



barium (Ba).

[0079] In one aspect, the process chamber assembly 593 also contains a gas

delivery system 550 that is adapted to deliver one or more process gasses into the

processing region 522 formed by the chamber base 527, the chamber walls 528 and

the chamber lid 529. The pressure in the processing region 522 can be controlled

by use of the system controller 602 that is used to adjust of the flow rate of gas

delivered by the gas delivery system 550 and the pumping speed of the vacuum

pump 510 that is regulated by the throttle valve 5 11. In one aspect, the chamber

pressure during processing is between about 5 mTorr and about 100 mTorr.

[0080] The substrate support assembly 594 generally includes a substrate

support 562 that contains a substrate supporting member 562A. The substrate

supporting member 562A may be a conventional electrostatic chuck that can be

used to actively hold the substrate during processing or simply a substrate support

pedestal. A temperature controller 561 is generally adapted heat and/or cool the

substrate supporting member 562A to a desired temperature set by temperature

controller 561 by use of conventional means, such embedded resistive heating

elements or fluid cooling channels that are coupled to a heat exchanger (not shown).

In one aspect, the temperature controller 561 is adapted to operate and heat a

substrate 502 positioned on the substrate supporting member 562A to a

temperature between about 20°C and about 800°C. During processing the

substrate support 562 may be connected to a RF generator 523 so that an RF bias

can be applied to portions of the substrate support 562 to pull the ions present in the

plasma that has been generated in the processing region 522 to a surface of the

substrate 502. In one embodiment, the substrate supporting member 562A is

grounded, DC biased, or is electrically floating during the plasma process in order to

minimize ion bombardment damage of substrate 502.

[0081] Delivering RF energy from the RF generator 508 to the processing region

522 causes the gas atoms in the processing region to become ionized. The ionized

gas atoms in the plasma are then attracted to the target 505 due to a cathodic bias

applied to the target 505 by the DC source assembly 592 so that material can be



sputtered from the target 505 and land on a surface of the substrate 502. In an

effort to reduce the interference and interaction of the RF energy delivered from the

inductive RF source assembly 591 and the DC bias applied from the DC source

assembly 592 it is often desirable to synchronize the pulses of energy delivered from

the DC source assembly 592 and RF source assembly 591 so that the interference

can be minimized while the deposition rate, film uniformity and film quality is

maximized. Pulsing an inductive RF source to excite the plasma mitigates the

problems associated with high plasma potentials causing damage to the surface of

the substrate by creating and sustaining a low electron temperature, and a low ion

energy plasma. Generally, the ions generated by a pulsed RF inductive plasma,

which produces ions with low ion energies (e.g., <10 eV) that will not damage a

substrate positioned within the plasma. This is described more fully in commonly

assigned US Patent 6,831 ,021 , filed June 12, 2003, which is incorporated herein by

reference. Theoretical calculations (see Figure 4D) suggest that the low ion

energies of most inert gases, such as Argon (Ar), Neon (Ne), Krypton (Kr) or Xenon

(Xe), will not gain enough energy from the pulsed RF source to sputter atoms from a

target made from hafnium (Hf), lanthanum (La) or other heavy metals or dielectric

materials. For example, for an argon plasma, the sputtering threshold energies of a

Hf and La target are 42.3 eV and 25.5 eV, respectively, and a safe ion energy for ion

implantation into a gate oxide is generally less than 10 eV. Hence, for an RF

inductive plasma, ion energies that are low enough to be safe for forming the gate

dielectric layer are not high enough to sputter the desired metal ions from a target

material. Therefore, there is a need to use the DC bias applied to the target from

the DC source assembly 592 to perform the sputtering process. Aspects, of various

pulse deposition process is discussed below in conjunction with Figures 5A-5C.

Capacitively Coupled Plasma Processing Chamber

[0082] Figures 4B-4C illustrates a schematic cross-sectional view of another

embodiment of a plasma processing chamber that can be used to perform the

processes described in steps 257 and/or 259, shown above. In this configuration,

the process chamber 501 is a capacitively coupled plasma processing chamber that

is able to process a substrate 502 in a processing region 522. The process



chamber 501 generally contains a VHF source assembly 595, a target assembly

573, a system controller 602, a process chamber assembly 596, and a substrate

support assembly 594. In this configuration, a capacitively coupled plasma is

formed in the processing region 522 between the target 571 and the grounded

chamber walls 528 contained in the process chamber assembly 596 by use of a

VHF source assembly 595 that is connected to the target 571 . The process

chamber assembly 596 generally contains all of the components, discussed in

conjunction with Figure 4A above, except the chamber lid 529 has been replaced

with the target assembly 573 and electrical insulator 572 that are sealably positioned

on the chamber wall 528. The components in the process chamber assembly 596

and the substrate support assembly 594 are the same or similar to those described

with reference to the processing chamber 500, and as such, like numbers have been

used where appropriate and are not repeated below.

[0083] Referring to Figure 4B, in one embodiment, the VHF source assembly 595

contains a RF source 524 and match 524A that are adapted to deliver RF energy to

the processing region 522 through one or more parts of the target assembly 573.

The target assembly 573 generally contains a backing plate assembly 570 and a

target 571 . The backing plate assembly 570 may contain a fluid channel (not

shown) to cool the target with a fluid delivered from a heat exchanger (not shown)

during processing and a magnetron assembly (not shown) that is adapted to

promote the full utilization of the target material and enhance deposition uniformity.

[0084] During operation of the process chamber 501 the VHF source assembly

595 is used to bias the target 571 so that the atoms in the material from which the

target 571 is formed can be deposited on a surface of the substrate 502. In one

embodiment, the RF source 524 in the VHF source assembly 595 is adapted to

deliver power to the processing region 522 through the target assembly 573 at an

RF frequency between about 1 and about 200 MHz at a power between about 0.01

and about 5 kilowatts (kW). In one embodiment, the VHF source assembly 595 is

used to create a self-bias on the capacitively coupled target 571 that provides

enough energy, due to the voltage drop across the plasma sheath to cause the ions

generated by the plasma to sputter material from the target 571 surface. A



capacitively coupled electrode, or the target 571 , that is biased using a VHF source

will generally reach a self bias voltage, due to the difference in surface area of the

anode and cathode (e.g., target 571 ) . The self-bias voltage that the target 571

reaches during processing can be adjusted to optimize the sputter rate of the target

571 . Figure 4E illustrates a graph of the self-bias voltage versus frequency. The

graph generally shows the effect of frequency on the self bias voltage of an

electrode when it is biased at increasingly higher frequencies. One will note that the

self-bias voltage tends to decrease in magnitude as the frequency increases and

thus by increasing the frequency of the VHF source assembly 595 the energy of ions

striking the target can be reduced. For example, a target that is biased using a RF

signal at a frequency of 27 MHz will have a bias voltage of about -200V and a target

that is biased using a RF signal at 100 MHz will have a voltage that is only about -

10V at a pressure of 50 mTorr using argon and an RF power of 300W. In another

example, the DC bias on the target can be varied from about -50 V to about -20 V by

varying the RF frequency between about 60 MHz and about 100 MHz using a

constant RF power of about 400W.

[0085] Delivering energy to the target 571 at RF frequencies in the VHF range

can improve the process results of steps 257 and/or 259 over processes performed

at lower RF frequencies, due to the reduced variation in the DC bias on the target as

a function of the variation in frequency and variation in RF power delivered to the

target 571. Reducing the variation in the DC bias can be important when performing

low power sputtering operations. Therefore, by controlling the frequency of the RF

energy and power, such as by delivering the power to the target 571 at a desired

duty cycle (discussed below), the DC bias of the target can be accurately and

repeatably controlled. The accurate and precise control of the DC bias will assure

that the process of doping the ultra-thin gate dielectric layer can be accurately and

repeatably performed.

[0086] Referring to Figure 4D, in one example, if the sputtering gas is primarily

argon (Ar) and the target is made of lanthanum (La), the energy needed to sputter a

lanthanum atoms from the target surface is at least 25.5eV. This would mean that

that the self bias voltage created on the target would need to be high enough to



generate an ion energy of about 25.5 eV to assure that some of the lanthanum

atoms will be sputtered from the target surface. Therefore, by controlling the

frequency and power (e.g., Watts) delivered to the target 571 the sputter rate, the

gas atom ion energy, the ion energy of the sputter atoms, and energy of the atoms

deposited on the substrate can be controlled. Also, during processing the bias on

the substrate support 562 can adjusted to further control the energy that the

sputtered atoms have as they deposit on, or implant in, the gate dielectric layer.

[0087] Generally, the sputter process can be performed in the process chamber

501 at a chamber pressure in the range between 1 mTorr and about 100 mTorr,

using an argon flowrate of between about 1 seem and about 500 seem, and heater

temperature in a range between about 20 0C and about 800 0C. Preferably, the

temperature of the substrate is between about 200 and about 300 °C. The RF

source 524 excitation frequency can be adjusted from about 1 MHz to about

200MHz to get the correct self bias DC voltage to cause the target material to be

sputtered into the plasma and onto the substrate surface. Preferably, the RF source

524 excitation frequency can be adjusted to a frequency between about 27 MHz to

about 100 MHz, and more preferably a frequency between about 30 MHz to about

60 MHz. In one example, for a lanthanum target, a frequency of 60 MHz can be

selected to provide the desired sputtering energy and sustaining a low energy

plasma. In one embodiment, it may be desirable to adjust the spacing between the

surface of the substrate 502 and the surface of the target 571 to adjust the

uniformity and energy of the sputtered atoms depositing on the substrate surface. In

one aspect, it may be desirable to adjust the spacing of the substrate 502 relative to

the surface of the target 571 during the deposition process to adjust sputter material

depth in the gate oxide layer and/or the deposition uniformity.

[0088] Figure 4C illustrates a second embodiment of the process chamber 501 in

which the VHF source assembly 595, shown in Figure 4B, is replaced with dual VHF

source assembly 597 that contains two RF generators 524, 525 that are each

adapted to deliver energy to processing region 522 of the process chamber 501 at

differing frequencies and/or powers to provide differing sputtering characteristics at

different times during the process. The process chamber 501 , shown in Figure 4C,



will generally contain a RF source 524, a second RF source 525, a RF switch 526

and a match 524A that are connected to the target assembly 573. In this

configuration the energy delivered to the target assembly 573 from the dual VHF

source assembly 597 can be switched between the RF source 524 and second RF

source 525 by use of the RF switch 526. The state of the switch 526 is controlled by

the system controller 602. This embodiment may be useful for target materials that

need a fast initial seasoning to remove oxides that may form on the target surface

during initial installation or after long idle time. The capability to switch to a lower

frequency source (e.g., about 27 MHz or below) will allow a high self bias DC

voltage to form on the target 571 , leading to a faster target sputtering rate. Thus,

after the initial treatment, the output of the dual VHF source assembly 597 can be

changed by switching to a higher frequency (e.g., 60MHz) source to reduce the

sputtering rate, and lessen the sputtered atom ion energy, and thus, reducing

potential damage to the gate dielectric layer on the substrate surface. In one

example, the RF source 524 is able to deliver RF energy at a power between 0 and

about 2000 watts at a frequency of about 27 MHz and the second RF source 525 is

able to deliver RF energy at a power between 0 and about 500 watts at a frequency

between about 40 and about 200 MHz.

[0089] In one embodiment, the DC source assembly 592 is optionally connected

to the target assembly 573 to deliver one or more pulses of DC energy during the

plasma processing step. A DC bias may be superimposed over the VHF signal

delivered from the VHF source assembly (e.g., reference numerals 595 and 597).

The DC voltage applied to the target 571 can be used to more directly control the

energy of the gas atoms ionized striking the target 571 during the sputtering

process.

[0090] In one embodiment, as discussed above, during processing the substrate

support 562 may be connected to a RF generator 523 so that an RF, or VHF, bias

can be applied to portions of the substrate support 562 to pull the ions present in a

plasma to a surface of the substrate 502. In one embodiment, the substrate

supporting member 562A is grounded, DC biased, or is electrically floating during

the plasma process in order to minimize ion bombardment damage of substrate 502.



Pulsed Plasma Processing

[0091] Figures 5A- 5C are diagrammatic representations of various pulsed

plasma process that can be used to deposit material sputtered from the target 505,

shown in Figure 4A, or the target 571 , shown in Figure 4B and 4C, on to a surface of

the substrate 502 during steps 25T and/or 259, discussed above. The pulsed

plasma processes, as illustrated in Figures 5A-5C, are generally a series of

sequential energy pulses delivered to the processing region 522 as a function of

time by use of the inductive RF source assembly 591 or a VHF source assembly

(i.e., VHF source assembly 595 of dual VHF source assembly 597), and the DC

energy pulses delivered to the target from the DC source assembly 592. Figure 5A

illustrates a process where the RF energy 531 delivered from the inductive RF

source assembly 591 or the VHF source assembly, and the DC voltage 535

delivered from the DC source assembly 592 are plotted as function in time. Figure

5A illustrates a plot of the RF energy 531 delivered by the inductive RF source

assembly 591 or the VHF source assembly 595, and a plot of DC voltage 535

delivered to the target as a function of time, and thus, illustrates one embodiment

where the DC, and RF, or VHF, (hereafter RF/VHF) pulses are synchronized. In this

embodiment, the pulses of RF energy 531 and DC voltage 535 are synchronized so

that they are not applied at the same time. Generally, the DC pulses 532 supply a

momentary attractive force to the RF/VHF excited ions present in the plasma, which

causes the ions to accelerate towards target 505 with sufficient energy to sputter

material from the target into the plasma. The sputtered material exiting the target

surface enters the plasma formed in the processing region 522 during the pulsed

RF/VHF pulse 533 where it may then become ionized. Depending on whether the

substrate supporting member 562A is being RF/VHF biased, is grounded or is

floating the ionized sputtered atoms can be delivered to the substrate surface with

an energy set by the plasma sheath created near the substrate surface. In most

cases, it is desirable to synchronize the end of RF/VHF pulse 533 so that there is

enough plasma in the processing chamber when the DC voltage pulse (or DC

current pulses) is delivered to assure that a desired ion density and sputter rate can

be achieved when using the low energy bias.



[0092] Continuing to refer to Figure 5A, it is generally desirable, particularly with

inductively coupled plasma chamber designs, to create ions during the RF/VHF

pulse 533 that do not have enough energy to sputter atoms from the target, so that

the energy of the sputtered atoms can be more easily controlled by the application of

the DC bias to the target. In some cases, it may be desirable to use the RF/VHF

pulses to ionize the sputtered target atoms so that they can be accelerated and

implanted into the surface of the substrate at a low energy by use of a low potential

bias applied to the pedestal on which the substrate is positioned. In one aspect, the

application of a DC voltage pulse (or DC current pulse) to the target is synchronized

with the pulsed RF/VHF off-cycle to allow the energy of the ions generated in the

plasma to be more easily controlled by reducing the net increase in plasma energy

due to the application of the DC energy. The DC pulsed voltage can be applied at a

value that provides enough energy to the argon ions to sputter target materials into

the plasma for the doping process.

[0093] It should be noted that the system controller 602 can be used to

synchronize the RF/VHF pulses 533 and the DC pulses 532 and duty cycle to

achieve a desired plasma density, sputter deposition rate and plasma ion energy.

Referring to Figure 5A, one will note that the duty cycle, which is the "on" time (ti)

divided by the total period of the pulse (t3) , of the RF energy 531 , can be optimized

to assure that a plasma of a desired average density is controlled. One will also

note that the duty cycle, which is the "on" time (t4) divided by the total period of the

pulse (t6) , of the DC voltage 535, can be optimized to assure that a desired average

deposition rate is achieved.

[0094] Referring to Figures 4B-4C and 5A-5C, in one embodiment, the VHF

source assembly 595 is set to pulsing mode of at a pulsing frequency of 1 Hz to

5OkHz and a duty cycle of 0.1 to 99%. In this configuration, the pulsed VHF source

is used to create and sustain the plasma formed in the processing region 522, while

reducing the average plasma density and ion energy. The system controller 602

can be used to adjust the duty cycle, frequency of the pulses, magnitude of the RF

energy (i.e., RF power), and the frequency of the RF energy to control the plasma,

ion and sputtered material energy. In one embodiment, to deliver low energy



sputtered material to the surface of the substrate the system controller 602 is used

to deliver RF energy to the coil 509 (Figure 4A) at a duty cycle between about 1%

and about 50%. Alternately, in one embodiment, low energy sputtered material is

delivered to the surface of the substrate by delivering RF energy to the target 571

(Figure 4B) at a duty cycle between about 1% and about 50%. In some cases it is

desirable to keep the duty cycle delivered to the coil 509 (Figure 4A) or the target

571 (Figure 4B) between about 1% and about 10% to minimize the energy delivered

to the ions in the plasma.

[0095] Figure 5B illustrates another embodiment of the pulse plasma process in

which the DC pulse 532 is delivered during at least a portion of the pulsed RF

energy 531 delivered from the RF source assembly 591 or the VHF source

assembly (i.e., VHF source assembly 595 of dual VHF source assembly 597). In yet

another embodiment, as shown in Figure 5C, the RF energy 531 is maintained at a

constant level for a period of time ti and the pulsed DC voltage 535 is delivered to

the target 505 while the RF energy is "on." It should be noted that it may be

desirable to reduce the magnitude of the RF energy 531 during the DC pulses 532

to reduce any possible interference between the delivered signals. In one

embodiment, it may be desirable to bias the substrate support 562 using a RF

generator 523 (Figure 4A) that is used to generate a bias that attracts ions to the

substrate positioned thereon during various parts of the RF/VHF plasma generation

and/or pulsed DC sputtering phases of the process.

[0096] In one another embodiment, it is desirable to pulse the RF/VHF energy so

that the generated ions in the plasma will not have enough energy to sputter the

target material. In this case, a DC bias is applied to the target can be used to

promote the sputtering of the target material.

[0097] In one embodiment, the pulsed RF/VHF signal is applied to the substrate

support 562 to create and sustain the plasma through the substrate surface.

Therefore, in one embodiment, a synchronized DC pulse is delivered to the target

571 and a synchronized VHF pulse is delivered to the substrate support 562 to

sputter the target material into the plasma for doping into the gate dielectric.



Grounded Collimator Design

[0098] Figure 4F illustrates a schematic cross-sectional view of another

embodiment of a processing chamber 500 that may be used for metal plasma

treatment of a gate dielectric layer, namely a low energy sputtering process to form

a doped gate dielectric layer. In this embodiment, a grounded collimator 540 is

installed between the substrate 502 and target 505 to capture charged metal ions.

The addition of the grounded collimator 540 encourages primarily neutral sputtered

atoms to reach substrate 502, to form an thin metal layer on the surface of substrate

502, potentially as little as a single monolayer. The collimator is generally a

grounded plate or wire mesh that contains a plurality of holes 540A that are

distributed across the grounded plate to allow neutral atoms and possibly some ions

to pass from the processing region near the target to the surface of the substrate.

Depositing such a layer on the surface of a gate dielectric by this method generally

creates very little ion bombardment damage, since the energy of the neutrals is

generally a fraction of the energy required to sputter an atom from the target surface

and the neutrals are not affected the plasma potential. This metal layer may then be

incorporated into a subsequently formed oxide film, thus creating a high dielectric

constant, or "high-k", dielectric layer without metal or nitrogen ion implantation and

the associated problems, such as silicon damage and over penetration of the metal

into the underlying silicon layer of the substrate. One skilled in the art would

appreciate that the process chamber 501 , shown in Figures 4B and 4C, could also

be adapted to contain a grounded collimator 540 between the target 571 and the

surface of the substrate 502 to accomplish the same function of capturing a large

percentage of the charged particles in the plasma before they strike the substrate

surface to reduce damage of the gate dielectric layer.

Alternate Process Chamber Design

[0099] Figure 4G illustrates a schematic cross-sectional view of another

embodiment of a processing chamber 500 that may be used for metal plasma

treatment of a gate dielectric layer, namely a low energy sputtering process to form

a doped gate dielectric layer. In one embodiment of the process chamber 500, an



output of the inductive RF source assembly 591 is connected to the target 505, so

that a plasma can be generated in the processing region 522 by use of the coil 509

and the capacitively coupled target 505. In one embodiment, the target 505 is

coupled to an output of the RF match 508A through a coil 508B that is sized to

achieve resonance when the power is delivered by the generator 508 through the

RF match 508A. Referring to Figure 4A, the addition of the RF bias of the target 505

allows the coil 509 to generate and shape the plasma, while allowing the RF

frequency and RF power delivered to the target 505 to control the DC bias and thus

energy of the ions striking the target 505. Also, the use of inductively coupled

plasma generating components and a capacitively coupled plasma generating

components that can be pulsed at a desired duty cycle allows the DC bias applied to

the target {i.e., self-bias), sputter rate, and sputtered ion energy to more easily

controlled. By careful control of the chamber pressure, RF frequency, RF power,

duty cycle, bias applied to the substrate support 562 and/or the processing time, the

amount of the sputtered material and the concentration versus depth of the

sputtered material in the dielectric layer can be controlled. The use of a single RF

generator 508 and RF match 508A will also reduce the chamber cost and system

complexity. In one embodiment, the DC source assembly 592 is coupled to the

target 505 so that DC pulses can be delivered to the target 505, during or in

between RF pulses delivered by the RF generator 508.

[00100] In another embodiment, illustrated in Figure 4H, it is desirable to have a

separate RF generator 565 and RF match 565A that supply RF energy to the target

505, while the coil 509 is separately RF biased by use of the RF generator 508 and

RF match 508A. In this configuration the new RF match 565A and RF generator

565 can be separately controlled from the inductive RF source assembly 591

components by use of the system controller 602. In one aspect, the DC source

assembly 592 is also coupled to the target 505 so that DC pulses can be delivered

to the target 505, during or in between RF pulses delivered by the inductive RF

source assembly 591 components and/or the RF generator 565.

[00101] Figure 4I illustrates a schematic cross-sectional view of another

embodiment of a capacitively coupled type processing chamber 501 that may be



used for metal plasma treatment of a gate dielectric layer. In one embodiment, the

process chamber 501 is able to perform a low energy sputtering process, such as

the ones described herein regarding steps 257 and 259. In one embodiment, the

process steps 257 and 259 are performed on a substrate 502 positioned within in a

process chamber 501 that utilizes a magnetron assembly 580 to help further control

and improve the plasma generated in the processing region 522, and thus the low

energy sputtering process. In this configuration, the process chamber 501 may

contain a power supply {e.g., VHF source assembly 595, DC power supply 507), a

target assembly 573, a system controller 602, a process chamber assembly 596, a

magnetron assembly 580, and a substrate support assembly 594. The magnetron

assembly 580 generally contains a magnetron 581 and a magnetron actuator 582

which is adapted to move and/or position the magnetron 581 relative to the target

assembly 573 during processing. The magnetron 581 will generally have at least

one magnet 583 (three are shown in Figure 4I) that each have a pair of opposing

magnetic poles (i.e., north (N) and south (S)) that create a magnetic field (B-field)

that passes through the target assembly 573 and the processing region 522.

Generally, the magnets 583 may be permanent magnets (e.g., neodymium,

samarium-cobalt, ceramic, or Alnico) or electromagnets. The magnetron 581 and

magnetron actuator 582 are used to improve plasma uniformity or target material

utilization during the low energy sputtering process. In one aspect, the DC source

assembly 592 and an VHF source assembly 595 are both coupled to the target

assembly 573 so that DC power, RF power, and/or pulses of DC and RF can be

delivered to the target assembly 573 as desired.

[00102] In one embodiment, the gas delivery system 550 is adapted to deliver a

reactive gas during the low energy sputtering process to form a material that has

desirable dielectric properties within the gate dielectric layer. In one aspect, the

reactive gas may be a gas such as, oxygen (O2) , nitrogen (N2) , or a combination

thereof.

[00103] In another embodiment, the gas delivery system 550 is adapted to deliver

a reactive gas to deposit a high-k dielectric material 404 on the surface 401 B of the

substrate 401 . In one aspect, the reactive gas may be a gas such as, oxygen (O ) ,



nitrogen (N2) , or a combination thereof. Examples of gate dielectric layer that may

be formed by use of a PVD type process may include but are not limited to hafnium

oxide (HfO2) , hafnium silicate (HfSiO2) , hafnium aluminate (HfAIOx) , hafnium silicon

oxynitride (HfSiON), zirconium oxide (ZrO2) , Zirconium silicate (ZrSiO2) , barium

strontium titanate (BaSrTiO3, or BST), lead zirconate titanate (Pb(ZrTi)O3, or PZT),

and the like.

Plasma Incorporation Processes

[00104] In one aspect of the present invention, the properties of the termination

region 405 (Figure 3E) may be optimized so that the threshold voltage (Vt), dielectric

constant, band gap, and/or conduction band offset (CBO) are optimized for the type

of semiconductor device that is being formed. Typical semiconductor devices

formed using these techniques may include, but are not limited to n-MOS or p-MOS

type devices. In one embodiment, the concentration and/or depth of the doping

atoms within the gate dielectric layer may be tailored to achieve one or more desired

device properties, such as the threshold voltage (Vt) , band gap, and dielectric

constant. For example, it may be desirable to dope the termination region 405 with

a material (i.e., gate dielectric dopant material), such as aluminum (Al), titanium (Ti),

zirconium (Zr), hafnium (Hf), lanthanum (La), strontium (Sr), lead (Pb), yttrium (Y),

and barium (Ba), which can be further modified to form a dielectric material within

the high-k dielectric layer 403, or high-k dielectric layer 404. For example, Table 1

contains a list of the material properties of possible dielectric materials that can be

added to the gate dielectric layer formed during the process sequence 251 ,

discussed above.



[00105] In one embodiment of the process sequence 251 , step 259 is modified so

that the concentration profile of the material disposed within the high-k dielectric

layer 403, or high-k dielectric layer 404, is adjusted to achieve desirable electrical

properties of the junction formed between the termination region 405 and the gate

region 408 (Figure 3F). One important electrical property of the formed junction in a

MOS type device is the threshold voltage (Vt) , which is the measure of the voltage

required to allow conduction through the channel region formed between the source

and drain regions of the MOS device. Typically, it is generally desirable to keep the

absolute value of the threshold voltage for a 32nm to 90nm generation MOS type

device in a range between about 0.2 and 0.5 volts. In another embodiment, it may

be desirable to dope the termination region 405 with two or more doping materials to

form a gate dielectric layer that has improved device characteristics and properties

over other dielectric layer materials.

[00106] Figure 4J is a side cross-sectional view illustrating a high-k dielectric layer

403, or high-k dielectric layer 404, during the termination region 405 formation step

(step 259) in which a gate dielectric layer is bombarded with a gate dielectric dopant

material (see reference numeral "A") to form a semiconductor device that has

desirable properties. The high-k dielectric layer may be formed following one of the

steps illustrated in Figures 2A-2F. Figure 4K illustrates an example of the

concentration of the deposited material as a function of depth (e.g., curve Ci), from

the surface 420 of the high-k dielectric layer and into the substrate 401 along a path

421 . As noted above, it is generally desirable to assure that the concentration of the

dopant material remain within the high-k dielectric layer even after the subsequent

thermal processing steps (e.g., steps 260-266) to assure that the gate dielectric

dopant material does not collect at the interface, or surface 401 B, and affect the

formed device's electrical properties. The presence of the dopant material at the

dielectric-substrate interface (i.e., reference numeral 401 B) typically leads to Vt shift

and carrier mobility degradation. The subsequent thermal processing steps, which



may include one or more of the steps 260-266 are generally used to covert the

material within the termination region 405 into a dielectric material that has desirable

high-k properties. In one aspect, a post plasma treatment anneal is completed on

the substrate to repair broken bonds and improve the stability and improve the

interfaces. For example, a typical anneal process may performed by providing

oxygen (O2) gas until the partial pressure in the processing region of the chamber is

between about 1 mTorr and about 10 mTorr of O2 while maintaining a substrate

surface temperature of about 10000C, and a total chamber pressure between about

1 mTorr and about 1 Torr for about 1 to about 60 seconds.

[00107] Figure 4K also schematically illustrates, one embodiment, in which the

concentration profile (see curve C0) of a first material disposed within the thermal

oxide layer 402 using a low energy sputter process discussed in step 257 extends to

a depth within the formed high-k dielectric layer that is greater than a second

material deposited in the termination region 405 during the step 259. In some

cases, by selecting a desirable first material (e.g., hafnium) that will not to react with

the substrate material, for example form a suicide, the issue of the dopant material

reaching the dielectric-substrate interface is not as much of an issue. As illustrated

in Figure 4K, in one example, it is desirable to select a first material that will not

react with the substrate material at normal processing temperatures and then tune

the deposition process of the first material (e.g., step 257) so that the concentration

of the first material (see curve C0) forms a desirable distribution, or possibly uniform

distribution, throughout the gate dielectric layer. Next, select a second material that

forms a good interface with the layers deposited over the gate dielectric layer(s),

such as the gate region 408, and tune the deposition process {e.g., step 259) to

deliver a shallower concentration profile (see curve Ci) by adjusting the chamber

process variables to match the properties (e.g., mass) of the second material to

achieve a desired concentration profile within dielectric layer. In one example, in

cases where the second material reacts with the substrate material, such as

titanium, aluminum, and zirconium, at the typical processing temperatures, and the

first material, such as hafnium, is much less likely to react with the substrate material

(e.g., silicon (Si)) at these temperatures, it is desirable tune the deposition



processes to more uniformly distribute the first material (see curve C0) within the

gate dielectric layer than the second material (see curve Ci). In this case the

average concentration of the first material (e.g., average of C0) is deeper in the gate

dielectric layer than average concentration of the second material {e.g., average of

Ci) (see Figure 4K).

[00108] Figure 4L is a side cross-sectional view illustrating a silicon dioxide layer

{e.g., thermal oxide layer 402) and a high-k dielectric layer 404 (see Figure 2F) that

is bombarded with a gate dielectric dopant material (see reference numeral "A")

during the step 259 so that a terminating region 405 having desirable properties can

be formed. In one aspect, the high-k dielectric layer 404, which may be a hafnium

oxide (HfO 2) , a hafnium silicate (HfxSiyOz) , hafnium aluminate (HfAIO x) , or a hafnium

lanthanum oxide (HfLaO x) , is formed by an ALD, MoCVD, or low energy reactive

PVD type process (e.g., Figures 4A-4C and 4I). Figure 4M illustrates an example of

the concentration of the gate dielectric dopant material as a function of depth (e.g.,

curve Ci), from the surface 420 of the high-k dielectric layer and into the substrate

401 along a path 421 . In this configuration, it is generally desirable to assure that

the concentration of the dopant material reside within the high-k dielectric layer 404

even after the subsequent thermal processing steps (e.g., steps 260-266) to assure

that the deposited material does not collect at the surface 401 B, and affect the

formed device's electrical properties.

[00109] Figure 4N is a side cross-sectional view illustrating a high-k dielectric layer

403, and/or high-k dielectric layer 404, that is exposed to a controlled sequential

deposition, or simultaneous deposition, of two gate dielectric dopant materials (see

reference numerals "A" and "B") during the step 259 to form a terminating region 405

having desirable properties. It should be noted that while Figure 4N illustrates only

two gate dielectric dopant materials being sequentially or simultaneous deposited

this is not intended to limiting as to the scope of the invention described herein,

since a plurality of different gate dielectric dopant materials may be needed to

achieve a desired gate dielectric having desirable electrical properties. Figure 4O

illustrates an example of the concentration of the deposited materials as a function

of depth (i.e., curve Ci for dopant "A" and C2 for dopant "B"), from the surface 420 of



the high-k dielectric layer and into the substrate 401 along a path 421 . In one

example, it may be desirable to sequentially deposit titanium and aluminum into the

high-k dielectric layer 403 and/or high-k dielectric layer 404, to form the terminating

region 405. In this case the subsequent formation of titanium dioxide OΪ O2) ,

aluminum oxide (AI2O3) , titanium silicates, aluminum silicates, or combinations

thereof, or derivatives thereof, by various subsequent thermal processes (Ae., steps

260-266) can thus help form a termination layer 405 that has improved electrical

properties. These electrical properties can include an improved device threshold

voltage, a desirable band gap, an improved dielectric constant versus a singly doped

aluminum oxide gate dielectric layer, and a higher CBO versus a singly doped

titanium dioxide gate dielectric layer. The addition of multiple elements in the

termination region 405 can also help "tie up" one or more of the deposited materials,

such as reduce their mobility in the gate dielectric layer, to prevent them from

diffusing to the gate dielectric interface (i.e., surface 401 B) during the subsequent

processing steps or during the device's lifetime. Also, the dielectric material

properties of the formed device can be tailored by the control of the deposition

properties of each of the two or more gate dielectric dopant materials. In general,

the properties of the deposited film can be controlled by adjusting the chamber

process variables, which may include the chamber pressure, substrate bias,

processing time, RF power delivered to the processing region (e.g., magnitude of

the RF power, duty cycle), substrate temperature during processing, and/or DC bias

delivered to the target, as discussed above in conjunction with Figures 4A-4I. Each

of these process variables can be adjusted for each deposited material and desired

concentration profile formed within the gate dielectric layer. An example of the

theoretical concentration profiles for various dopant materials delivered at an energy

of 20 eV into a SiO2 layer is shown in Figure 4P. Figure 4P thus illustrates how the

concentration profile within a high-k dielectric layer may vary for different materials

and its associated atomic mass.

[00110] In another embodiment, it may be desirable to select and tailor the type of

materials used to form a semiconductor device based on the type of device being

formed during the process sequence 251 . In one aspect, when forming an n-MOS



device it may be desirable to select and tailor the gate dielectric dopant material(s)

and deposition properties during the terminating region 405 formation process (i.e.,

step 259) to achieve desirable device performance characteristics. When forming

an n-MOS device it may be desirable to incorporate, or dispose, lanthanum (La),

titanium (Ti), and/or zirconium (Zr) into the surface of the high-k dielectric layer 403,

or high-k dielectric layer 404, and then select and deposit a material to form gate

region 408 that provides desirable threshold voltage characteristics, such as a Vt in

a range between about 0.2 and 0.5 volts, when brought in contact with the selected

gate dielectric dopant material(s). An example of a material that may be used in a

gate region 408, and work well with lanthanum (La), titanium (Ti), and/or zirconium

(Zr) in an n-MOS type device includes tantalum carbon nitride (TaCN) and tantalum

nitride (TaN). In another aspect, when forming a p-MOS device it may be desirable

to select and tailor the deposition properties of gate dielectric dopant materials that

are used to form the terminating region 405. When forming a p-MOS device it may

be desirable to incorporate, or dispose, aluminum (Al) into the surface of the high-k

dielectric layer 403, or high-k dielectric layer 404, and then select and deposit a

material to form a gate region 408 that provides a desirable threshold voltage, such

as a Vt in a range between about -0.2 and -0.5 volts, when brought in contact with

the gate dielectric dopant material(s). An example of a material that may be used to

form a gate region 408, and work well with aluminum (Al) in a p-MOS device

includes ruthenium (Ru), platinum (Pt), tungsten nitride (WN), and tungsten (W). An

example of a desirable high-k dielectric layer 404 that may be used in to form the n-

MOS device or the p-MOS device may include hafnium oxide (HfO2) , hafnium

silicate (HfxSiyO2) , hafnium aluminate (HfAIOx) , hafnium lanthanum oxide (HfLaO x) ,

combination thereof, or derivatives thereof.

[00111] In one embodiment, as discussed above, a process chamber, such as

process chambers 500 or 501 illustrated in Figures 4A-4I are used to sputter and

then generate metal ions (e.g., Al+, T i+, Zr+, Hf+, La+, Sr+, Pb+, Y+, Ba+) in a nitrogen

(N2) , argon (Ar), or helium (He) containing plasma to incorporate the ions into a

terminating region 405 to form a top surface peaked concentration gradient of metal

atoms into the dielectric. Alternately, the metal ions may also be introduced into the



plasma by injecting metal containing gases or vapors, such as CVD or MOCVD

precursors. Examples of some metal containing gases, or vapors that can be

injected into the plasma processing chamber are Trimethylaluminum, zirconium

chloride (ZrCI2) , Bis-(cyclopentadienyl)-dimethylzirconium, Tetrakis-(diethylamino)-

zirconium (TDEAZr), hafnium chloride (HfCI2) , Bis-(cyclopentadienyl)

dimethylhafnium, or Tetrakis(diethylamino)hafnium (TDEAHf). Using either

deposition method the subsequently deposited metal ions are then subjected to one

or more subsequent thermal processing steps (i.e., steps 260-266), to transform the

deposited material into a dielectric material that has desirable high-k properties.

Residual carbon (C), hydrogen (H), and chlorine (Cl) disposed within the formed

gate dielectric layer may be affect device properties if they are incorporated into the

dielectric in sufficient quantity. Therefore, one or more subsequent processing

treatments such as a vacuum thermal anneal, plasma annealing or thermal

annealing may be performed to reduce the incorporated contaminants.

Plasma Processing System

[00112] One or more plasma processing chambers, such as that described above

in Figures 4A-4C, and 4F, may be beneficially integrated into a multi-chamber, multi¬

process substrate processing platform, such as integrated processing system 600,

illustrated in Figure 7. Examples of integrated processing systems that may be

adapted to benefit from the invention are described in commonly assigned United

States Patent No. 5,882,165, filed on March 16, 1999; United States Patent No.

5,1 86,718, filed on February 16, 1993; and United States Patent No. 6,440,261 , filed

on August 27, 2002, which are hereby incorporated by reference in their entireties.

The integrated processing system 600 may include a factory interface 604, load

ports 605A-D, system controller 602, vacuum loadlocks 606A, 606B, a transfer

chamber 610, and a plurality of substrate processing chambers 614A-614F. One or

more of the substrate processing chambers 6 14A-F may be configured as plasma

processing chambers, such as processing chamber 500 and/or one or more process

chambers 501 , that are used to perform a plasma treatment, described herein in

conjunction with Figures 2-5, discussed above. In other embodiments, the

integrated processing system 600 may include greater than six processing



chambers.

[00113] In accordance with aspects of the present invention, the integrated

processing system 600 generally comprises a plurality of chambers and robots, and

is preferably equipped with a system controller 602 programmed to control and carry

out the various processing methods and sequences performed in the integrated

processing system 600. The system controller 602 is generally designed to facilitate

the control and automation of the overall system and typically may includes a central

processing unit (CPU) (not shown), memory (not shown), and support circuits (or

I/O) (not shown). The CPU may be one of any form of computer processors that are

used in industrial settings for controlling various system functions, chamber

processes and support hardware (e.g., detectors, robots, motors, gas sources

hardware, etc.) and monitor the system and chamber processes (e.g., chamber

temperature, process sequence throughput, chamber process time, I/O signals,

etc.). A robot 613 is centrally disposed in the transfer chamber 610 to transfer

substrates from the loadlock chambers 606A or 606B to one of the various

processing chambers 6 14A-F. The robot 613 generally contains a blade assembly

6 13A, arm assemblies 6 13B which are attached to the robot drive assembly 6 13C.

The robot 613 is adapted to transfer the substrate "W" to the various processing

chambers by use of commands sent from the system controller 602. A robot

assembly that may be adapted to benefit from the invention is described in

commonly assigned United States Patent No. 5,469,035, entitled "Two-axis

magnetically coupled robot", filed on August 30, 1994; United States Patent No.

5,447,409, entitled "Robot Assembly" filed on April 11, 1994; and United States

Patent No. 6,379,095, entitled Robot For Handling Semiconductor Substrates", filed

on April 14, 2000, which are hereby incorporated by reference in their entireties. A

plurality of slit valves (not shown) may be utilized to selectively isolate each of the

process chambers 614A-614F from the transfer chamber 610 so that each chamber

may be separately evacuated to perform a vacuum process during the processing

sequences described herein.

[00114] An important benefit to the integration of a plasma chamber into integrated

processing system 600 is that sequential process steps may be performed on a



substrate without exposure to air. This allows processes such as the deposition of

the sputtered atoms on the surface of the substrate, described above in conjunction

with Figures 2-5, to take place without oxidation of the newly deposited ultra-thin

metal layer(s). Uncontrolled oxidation of freshly-deposited materials prior to

performing a stabilization anneal is also avoided by the integration of multiple

process chambers into the integrated processing system 600, which include a

process chamber that can perform an anneal step. An integrated system will

prevent the oxidation of the materials (e.g., dopant materials) found within the high-k

dielectric layer 403, or high-k dielectric layer 404, by not exposing the substrate to

ambient sources of oxygen that will occur in non-integrated processes. The

contamination found in non-integrated processes can thus directly affect the device

fabrication process repeatability and average device performance.

[00115] In one embodiment of the integrated processing system 600, the substrate

processing chamber 6 14A or chamber connected to the factory interface 604 may

be configured to perform an RCA clean as mentioned above in process step 252.

Then, after removal of native oxide layer 401 A (see Figure 3A), a substrate may

then have a dielectric layer {e.g., thermal oxide layer 402, high-k dielectric layer 404)

formed thereon using a conventional rapid thermal oxidation (RTO) process, plasma

enhanced chemical vapor deposition (PECVD), or ALD performed in processing

chamber 6 14B. The substrate processing chambers 6 14C and 6 14D are configured

as a plasma processing chambers similar to processing chamber 500 and/or

process chamber 501 , described above, to perform process steps 257 and 259.

Therefore, a plasma process can be performed on the substrate in processing

chamber 614C and 6 14D while maintaining the substrate under vacuum, thereby

preventing the native oxide from re-growing on the various layers disposed on the

substrate. This may be particularly important where the exposed layers that contain

materials that have a high affinity to oxygen, such as lanthanum. In one aspect, the

step 260 is sequentially performed on the substrate in substrate processing

chambers 6 14E to oxidize the metal surface that was formed in substrate processing

chamber 6 14D. In an alternative aspect, step 262 may be performed in an RTP

chamber placed in substrate processing chamber 6 14E. Then, a plasma nitridation



process (step 264), such as a DPN process available from Applied Materials, may

be performed in the processing chamber 6 14F. In another aspect, step 266 may be

performed in an RTP chamber placed in substrate processing chamber 6 14E, or

substrate processing chamber 6 14F, if available.

[00116] In another embodiment, the step 252 (i.e., native oxide removal step) and

the step 254 (i.e., formation of thermal oxide layer deposition step) may be

performed in a different system. In this embodiment, substrate processing

chambers 6 14A and 6 14B may be configured as a plasma processing chambers

similar to processing chamber 500 and/or process chamber 501 to perform process

steps 257 and 259. In one aspect, the step 260 is sequentially performed on the

substrate in substrate processing chambers 6 14C to oxidize the metal surface that

was formed in substrate processing chamber 6 14B. In another aspect, alternatively,

step 262 may be performed in an RTP chamber that is positioned in the processing

chamber 6 14C. Then a plasma nitridation process (step 264), such as a DPN

process available from Applied Materials, may be performed in the processing

chamber positioned in the substrate processing chamber 6 14D. In one aspect, step

266 may be performed in an RTP chamber that is positioned in the processing

chamber 6 14E, or substrate processing chamber 6 14C, if available. In one aspect,

after step 260 is completed in substrate processing chamber 6 14C, a surface

nitridation step may be performed in substrate processing chamber 6 14D, without

the substrate being removed from vacuum and exposed to air.

Alternate Method of Forming a Gate Oxide Layer

[00117] Figure 6A is a process flow diagram illustrating a method 100 for

fabricating a gate dielectric of a field effect transistor in accordance with one

embodiment of the present invention. The method 100 includes processing steps

performed upon a substrate during fabrication of the gate structure of an exemplary

CMOS field effect transistor. Figure 6A illustrates a pictorial summary of the

complete process of method 100. At least portions of the method 100 may be

performed using processing reactors of an integrated semiconductor substrate

processing system (i.e., a cluster tool). One such processing system is the



CENTURA integrated processing system, available from Applied Materials, Inc. of

Santa Clara, California.

[00118] Figures 6B-6G illustrate a series of schematic cross-sectional views of a

substrate upon which a gate structure is fabricated using the method of Figure 6A.

The cross-sectional views in Figures 6B-6G relate to individual processing steps

performed to fabricate the gate dielectric in a larger gate structure (not shown) of a

transistor. The images in Figures 6B-6G are not depicted to scale and are simplified

for illustrative purposes.

[00119] The method 100 starts at step 102 and proceeds to step 118. Referring

first to Figure 6A and Figure 6B, at step 104, a silicon (Si) substrate 200 is provided

{e.g., 200 mm wafer, 300 mm wafer) and exposed to a solution for removing a native

oxide (SiO2) layer 204 from a surface of the substrate. In one embodiment, the layer

204 is removed using a cleaning solution comprising hydrogen fluoride (HF) and

deionized (Dl) water (i.e., a hydrofluoric acid solution). In one embodiment, the

cleaning solution is an aqueous solution that contains between about 0.1 and about

10% by weight of HF that is maintained at a temperature between about 20 and

about 30°C. In another embodiment, the cleaning solution has about 0.5 wt% of HF

is maintained at a temperature of about 25°C. During step 104 the substrate 200

can be immersed into the cleaning solution, and then rinsed in de-ionized water.

Step 104 may be performed in either a single substrate processing chamber or a

multiple substrate batch type processing chamber that may include delivery of ultra¬

sonic energy during processing. Alternatively, the step 104 may be performed using

a single substrate wet cleaning reactor of the integrated processing system 600

(Figure 7). In another embodiment, the layer 204 may be removed using an RCA

clean method. Upon completion of step 104, the substrate 200 is placed in a

vacuum load lock or nitrogen (N2) purged environment.

[00120] At step 106, a thermal oxide (SiO2) layer 206 is grown on the substrate

200 (Figure 6C). Generally, the thermal oxide layer 206 may have a thickness

between about 3 Angstroms (A) and about 35 A. In one embodiment, the thermal

oxide layer 206 has a thickness between about 6 A and about 15 A. The process of



depositing the thermal oxide layer during step 106 may be performed using an RTP

reactor, such as a RADIANCE ® RTP reactor positioned on the integrated processing

system 600 illustrated in Figure 7. A RADIANCE ® RTP reactor is available from

Applied Materials, Inc., of Santa Clara, California.

[00121] At step 108, thermal oxide layer 206 is exposed to a metal ion containing

plasma. Illustratively, step 108 forms a metallic sublayer layer 209 of silicon metal

oxide or silicate or oxynitride film on the substrate 200 (Figure 6D). In one

embodiment, a metallic layer 208 having a film thickness between about 1 A and

about 5 A may be advantageously formed on the surface of the thermal oxide layer

206 during step 108. In one embodiment, the metal ion containing plasma contains

an inert gas and at least one metal ion, such as hafnium or lanthanum. The inert

gas may contain argon as well as one or more optional inert gases, such as neon

(Ne), helium (He), krypton (Kr), or xenon (Xe). In one aspect, the metal ion

containing plasma may contain nitrogen (N2) gas.

[00122] At step 110, thermal oxide layer 206 is exposed to an oxygen containing

plasma to oxidize the metallic sublayer 209, and metallic layer 208 when applicable,

to convert it into a dielectric region 2 10 (Figure 6E). In another embodiment, the

plasma may contain nitrogen (N2) , as well as well as one or more oxidizing gases,

such as O2, NO, N2O. The plasma may also contain one or more inert gases, such

as argon (Ar), neon (Ne), helium (He), krypton (Kr), or xenon (Xe). Step 110 can be

performed using, for example, a decoupled plasma nitridation (DPN) plasma reactor

of the integrated processing system 600 (Figure 7).

[00123] In an alternative embodiment, in which step 112 is used instead of step

110, the substrate 200 is annealed at a temperature between about 800 and about

1100°C. Step 112 can be performed using, a suitable thermal annealing chamber,

such as a RADIANCE ® or RTP XE+ reactor of the integrated processing system 600,

or either a single substrate or batch furnace. The thermal oxidation step 112 results

in the formation of a dielectric region 210 containing the dielectric materials. In one

aspect, the dielectric region 210 may contain a silicate material. In one

embodiment, the annealing process of step 112 may performed by providing oxygen



(O2) gas at a flow rate between about 2 and about 5000 seem and nitric oxide (NO)

at a flow rate between about 100 and about 5000 seem, either gas optionally mixed

with nitrogen (N2) , while maintaining a substrate surface temperature between about

800 and about 1100°C, and a pressure in the reaction chamber between about 0.1

and about 50 Torr. The annealing process may be performed for between about 5

and about 180 seconds. In one example, oxygen (O2) is provided at a flow rate of

about 500 seem while maintaining the chamber at a temperature of about 1000°C

and a pressure of about 0.1 Torr, for a duration of about 15 seconds. In another

example, nitric oxide (NO) is provided at a flow rate of about 500 seem, while

maintaining the chamber at a substrate temperature of about 1000 0C and a pressure

of about 0.5 Torr, for duration of about 15 seconds.

[00124] At step 114 the surface of the substrate 200 is exposed to a nitrogen

plasma to enhance the amount of nitrogen in the top surface of the formed structure,

to form a nitrided layer 214 (Figure 6F). The process may be formed using a DPN

reactor by providing nitrogen (N2) at about 10 - 2000 seem, a substrate pedestal

temperature of about 20 - 500 0C, and a pressure in the reaction chamber between

about 5 - 1000 mTorr. The radio-frequency (RF) plasma is energized, e.g., at

13.56 MHz, using either a continuous wave (CW) or pulsed plasma power source of

up to about 3-5 kW. During pulsing, peak RF power, frequency and a duty cycle are

typically selected in the ranges from about 10 - 3000 W , about 2 - 100 kHz, and

about 2 - 100%, respectively. This process may be performed for about 1 - 180

sec. In one embodiment, N2 is provided at about 200 seem, and about 1000 W of

peak RF power is pulsed at about 10 kHz with a duty cycle of about 5% applied to

an inductive plasma source, at a temperature of about 25°C and a pressure of about

100 - 80 mTorr, for about 15 - 180 sec. The plasma may be produced using a

quasi-remote plasma source, an inductive plasma source, or a radial line slotted

antenna (RLSA) source, among other plasma sources. In alternate embodiments,

sources of CW and/or pulsed microwave power may be used to form the nitrided

layer 214. The nitrided layer 214 may formed on the top surface of the dielectric

region 210. (Figure 6E)

[00125] At step 116, the gate dielectric layers 206, 214 and 209 and substrate 200



are annealed. Step 116 improves leakage current reduction of the layers 206, 214

and 209 and increases mobility of charge carriers in the channel region below the

silicon dioxide (SiO2) sub-layers 2 16, as well as improves reliability of the whole gate

dielectric. Step 116 can be performed using, a suitable thermal annealing chamber,

such as a RADIANCE ® or RTP XE+ reactor of the integrated processing system

300, or either a single substrate or batch furnace. The thermal oxidation step 116

results in the formation of silicon dioxide (SiO2) sub-layers 2 16 to form on the silicon

dielectric film interface (Figure 6G). Step 116 increases mobility of charge carriers

in the channel region below silicon dioxide (SiO2) sub-layers 216 as well as

improves reliability of the dielectric/silicon interface.

[00126] In one embodiment, the annealing process of step 116 may performed by

providing at least one of oxygen (O2) at about 2 - 5000 seem and nitric oxide (NO)

at about 100 - 5000 seem, either gas optionally mixed with nitrogen (N2) , while

maintaining a substrate surface temperature of about 800 - 1100°C, and a pressure

in the reaction chamber of about 0.1 - 50 Torr. The process may be performed for

about 5 - 180 seconds. In one example, oxygen (O2) is provided at about 500 seem

while maintaining the chamber at a temperature of about 1000 0C and a pressure of

about 0.1 Torr, for a duration of about 15 seconds.

[00127] Upon completion of step 116, at step 118, method 100 ends. In the

manufacture of integrated circuits, the method 100 advantageously forms ultra-thin

gate dielectrics with improved leakage current reduction and increases mobility of

charge carriers in the channel region.

[00128] While the foregoing is directed to embodiments of the present invention,

other and further embodiments of the invention may be devised without departing

from the basic scope thereof, and the scope thereof is determined by the claims that

follow.



We Claim:

1. A method of forming a semiconductor device, comprising:

forming a dielectric layer having a desired thickness on a surface of a

substrate;

disposing an amount of a first material within the dielectric layer to form a first

concentration gradient through at least a portion of the thickness of the formed

dielectric layer;

disposing an amount of a second material within the dielectric layer to form a

second concentration gradient through at least a portion of the thickness of the

formed dielectric layer; and

depositing a third material over the dielectric layer.

2. The method of claim 1, further comprising annealing the substrate at a

temperature between about 800 0C and about 1100 0C.

3. The method of claim 1, wherein the thickness of the dielectric layer is less

than about 40 Angstroms.

4 . The method of claim 1, wherein first material is disposed within the dielectric

layer using a low energy sputtering process, wherein the low energy sputtering

process comprises providing an RF energy at a first RF frequency and a first RF

power to a processing region of a low energy sputtering chamber so that a first

material of a target can be disposed within the dielectric layer.

5 . The method of claim 1, wherein the first material and the second material are

selected from a group consisting of aluminum, zirconium, titanium, hafnium,

lanthanum, strontium, lead, yttrium, and barium.

6. The method of claim 1, wherein the dielectric layer contains at least one

material selected from a group consisting of silicon dioxide, hafnium oxide,

zirconium oxide, hafnium silicate oxides, hafnium aluminate, hafnium lanthanum



oxides, lanthanum oxides, and aluminum oxide.

7. The method of claim 1, wherein

the first material is hafnium and the concentration of the first material in the

dielectric layer is less than about 30 atomic percent, and

the second material is lanthanum or aluminum that has a concentration less

than about 10 atomic percent in the dielectric layer.

8. The method of claim 5, further comprising exposing the dielectric layer, the

first material, the second material, and the fourth material to an oxidizing

environment, wherein the oxidizing environment using a thermal oxidation process

or a plasma oxidation process.

9. The method of claim 1, wherein the third material contains a material selected

from a group consisting of polysilicon, tantalum, tantalum nitride, tantalum carbide,

tantalum carbon nitride, tungsten, tungsten nitride, tantalum silicon nitride, hafnium,

aluminum, platinum, ruthenium, cobalt, titanium, nickel, and titanium nitride.

10. The method of claim 1, wherein the low energy sputtering process comprises:

pulsing the RF energy delivered from an RF generator at a first frequency;

and

pulsing a DC voltage delivered to the target from a DC source assembly; and

synchronizing the pulsed RF energy and the pulsed DC voltage using a

system controller.

11. The method of claim 1, further comprising exposing the surface of the

substrate to an RF plasma comprising nitrogen prior to forming the dielectric layer.

12. A method of forming a semiconductor device, comprising:

forming a silicon containing dielectric layer having a desired thickness on a

surface of a substrate;

forming a high-k dielectric layer having a desired thickness over the silicon



containing dielectric layer;

disposing an amount of a first material within the high-k dielectric layer to

form a concentration gradient through at least a portion of the thickness of the

formed high-k dielectric layer, wherein the second material is selected from a group

of materials comprising hafnium, lanthanum, aluminum, titanium, zirconium,

strontium, lead, yttrium, and barium;

disposing an amount of a second material within the dielectric layer to form a

second concentration gradient through at least a portion of the thickness of the

formed high-k dielectric layer, wherein the second material is selected from a group

of materials comprising hafnium, lanthanum, aluminum, titanium, zirconium,

strontium, lead, yttrium, and barium; and

depositing a gate electrode material over the high-k dielectric layer, the first

material, and the second material.

13. The method of claim 12, further comprising annealing the substrate at a

temperature between about 800 °C and about 1100 °C.

14. The method of claim 12, wherein the high-k dielectric layer contains a

material selected from a group consisting of hafnium oxide, zirconium oxide,

hafnium silicate oxides, hafnium aluminate, hafnium lanthanum oxides, lanthanum

oxides, and aluminum oxide.

15. The method of claim 12, further comprising exposing the surface of the

substrate or the formed silicon containing dielectric layer to an RF plasma

comprising nitrogen.

16 . The method of claim 12, wherein the combined thickness of the silicon

containing dielectric layer and the high-k dielectric layer is less than about 40

Angstroms.

17. The method of claim 12, wherein the first material is hafnium and the

concentration of the first material in the dielectric layer is less than about 30 atomic



percent.

18. The method of claim 12, wherein the first material is lanthanum or hafnium

that has a concentration less than about 10 atomic percent or the second material is

aluminum that has a concentration less than about 10 atomic percent.

19. The method of claim 12, further comprising exposing the first material and the

second material to an oxidizing environment, wherein the oxidizing environment

using a thermal oxidation process or a plasma oxidation process.

20. The method of claim 12, wherein the gate electrode material contains a

material selected from a group consisting of polysilicon, tantalum, tantalum nitride,

tantalum carbon nitride, tantalum carbide, tungsten, tungsten nitride, tantalum silicon

nitride, hafnium, aluminum, platinum, ruthenium, cobalt, titanium, nickel, and

titanium nitride.
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