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One method may include forming a high dielectric constant (high-k) layer over a first-type field effect transistor (FET) region and
a second- type FET region; forming a metal layer having a first effective work function compatible for a first-type FET over the
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CHANGING EFFECTIVE WORK FUNCTION USING ION IMPLANTATION

DURING DUAL WORK FUNCTION METAL GATE INTEGRATION

BACKGROUND
1. TECHNICAL FIELD
[0001] The disclosure relates generally to integrated circuit (IC) chip fabrication,

and more particularly, to dual effective work function metal gate integration.

2. BACKGROUND ART
[0002] The continued scaling of complementary metal-oxide semiconductor
(CMOS) devices requires successful integration of dual work function metal gate

electrodes on high dielectric constant (high-k) gate dielectrics.

BRIEF SUMMARY
[0003] Ion implantation to change an effective work function for dual effective
work function metal gate integration is presented. One method may include forming a
high dielectric constant (high-k) layer over a first-type field effect transistor (FET) region
and a second-type FET region; forming a metal layer having a first effective work
function compatible for a first-type FET over the first-type FET region and the second-

type FET region; and changing the first effective work function to a second, different
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effective work function over the second-type FET region by implanting a species into the
metal layer over the second-type FET region.

[0004] A first aspect of the disclosure provides a method comprising: forming a
high dielectric constant (high-k) layer over a first-type field effect transistor (FET) region
and a second-type FET region; forming a metal layer having a first effective work
function compatible for a first-type FET over the first-type FET region and the second-
type FET region; and changing the first effective work function to a second, different
effective work function over the second-type FET region by implanting a species into the
metal layer over the second-type FET region.

[0005] A second aspect of the disclosure provides a method comprising: forming
a high dielectric constant (high-k) layer and a metal layer over the high-k layer, the metal
layer having a first effective work function; changing the first effective work function to
a second, different effective work function in a region by implanting a species into the
metal layer over the region; and forming a first-type FET compatible with the first
effective work function over an area outside the region and forming a second-type FET
compatible with the second effective work function over the region.

[0006] A third aspect of the disclosure provides a structure comprising: a first-
type field effect transistor (FET) including a gate having a high dielectric constant (high-
k) layer and a metal layer, the metal layer having a first effective work function; and a
second-type FET including the high-k layer and the metal layer, the metal layer further

including an implanted species that changes the first effective work function to a different
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second effective work function.
[0007] The illustrative aspects of the present disclosure are designed to solve the

problems herein described and/or other problems not discussed.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] These and other features of this disclosure will be more readily understood
from the following detailed description of the various aspects of the disclosure taken in
conjunction with the accompanying drawings that depict various embodiments of the

disclosure, in which:

[0009] FIGS. 1-3 show embodiments of a method according to the disclosure.
[0010] FIG. 4 shows embodiments of a structure according to the disclosure.
[0011] FIG. 5 shows a graph illustrating a threshold voltage shift achievable using

the teachings of the disclosure.

[0012] It is noted that the drawings of the disclosure are not to scale. The
drawings are intended to depict only typical aspects of the disclosure, and therefore
should not be considered as limiting the scope of the disclosure. In the drawings, like-

numbering represents like-elements when comparing between drawings.

DETAILED DESCRIPTION
[0013] Turning to the drawings, FIGS. 1-3 show embodiments of a method

according to the disclosure. FIG. 1 shows a preliminary structure 100 including a
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substrate 102 having trench isolated regions 104, 106 for an n-type field effect transistor
(NFET) and a p-type FET (PFET), respectively. As understood, the position of the types
of FETs may be reversed so long as they are of opposite polarity. Hereinafter, region 104
is referred to as first-type FET region and region 106 is referred to as second-type FET
region. Substrate 102 may include but is not limited to silicon, germanium, silicon
germanium, silicon carbide, and those consisting essentially of one or more 11I-V
compound semiconductors having a composition defined by the formula
Alx;GaxoInxz Asy 1 PyoNy3Sbya, where X1, X2, X3, Y1, Y2, Y3, and Y4 represent relative
proportions, each greater than or equal to zero and X1+X2+X3+Y1+Y2+Y3+Y4=1 (1
being the total relative mole quantity). Other suitable substrates include II-VI compound
semiconductors having a composition ZnaCda,SesiTen,, where Al, A2, B1, and B2 are
relative proportions each greater than or equal to zero and A1+A2+B1+B2=1 (1 being a
total mole quantity). Furthermore, a portion or entire semiconductor substrate may be
strained. Trench isolation 110 may include any now known or later developed insulative
material, e.g., silicon oxide. Substrate 102 and trench isolation 110 may be formed using
any now known or later developed techniques.

[0014] FIG. 1 also shows optionally forming a gate dielectric layer 120 over
substrate 102. Gate dielectric layer 120 may include any now known or later developed
high-k dielectric (k equal to or > 3.9) material such as hafnium silicate (HfS1), hafhium
oxide (HfO,), lanthanum oxide (La0,), zirconium silicate (ZrSiOy), zirconium

oxide(Zr0,), silicon oxide (Si0y), silicon nitride (Si3Ny), silicon oxynitride (SiON), high-
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k material or any combination of these materials. Forming as used herein may include
any appropriate depositing technique(s) appropriate for the material to be deposited
including but not limited to: chemical vapor deposition (CVD), low-pressure CVD
(LPCVD), plasma-enhanced CVD (PECVD), semi-atmosphere CVD (SACVD) and high
density plasma CVD (HDPCVD), rapid thermal CVD (RTCVD), ultra-high vacuum
CVD (UHVCVD), limited reaction processing CVD (LRPCVD), metalorganic CVD
(MOCVD), sputtering deposition, ion beam deposition, electron beam deposition, laser
assisted deposition, thermal oxidation, thermal nitridation, spin-on methods, physical
vapor deposition (PVD), atomic layer deposition (ALD), chemical oxidation, molecular
beam epitaxy (MBE), plating, evaporation.

[0015] FIG. 1 also shows forming a high dielectric constant (high-k) layer 122
over first-type FET 104 region and second-type FET region 106. High-k layer 122 may
include but is not limited to tantalum oxide (Ta,0s), barium titanium oxide (BaTiOs),
hafnium oxide (HfO,), zirconium oxide (ZrO,), aluminum oxide (Al,O3) or metal
silicates such as hafnium silicate oxide (Hfa;S142043) or hafnium silicate oxynitride
(HfA1S1A2043Na4), where A1, A2, A3, and A4 represent relative proportions, each greater
than or equal to zero and A1+A2+A3+A4 (1 being the total relative mole quantity).
Dielectric layer 120 and 122 may be single layer.

[0016] A metal layer 124 may be formed over high-k layer 122 and over first-
type FET region 104 and second-type FET region 106. Metal layer 124 may include, for

example, elemental metals such as tungsten (W), tantalum (Ta), aluminum (Al),
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ruthenium (Ru), platinum (Pt), etc. or any electrically conductive compound including
but not limited to titanium nitride (TiN), tantalum nitride (TaN), nickel silicide (NiSi),
nickel-platinum silicide (NiPtSi1), titanium nitride (TiN), tantalum nitride (TaN), titanium
carbide (TiC), tantalum carbide (TaC), tantalum carbide oxynitride (TaCNQO), ruthenium
oxide (RuQy), etc., and mixtures and multi-layers thereof. In any event, metal layer 124
exhibits a first effective work function compatible with a FET to be formed over one of
first type FET region 104 or second type FET region 106. As shown in FIG. 1, a silicon
layer 126 may also be formed over metal layer 124. Conventional dual work function
metal gate integration techniques would, at this point, require removal of metal layer over
a selected one of regions 104, 106 and deposition of another metal having a work
function compatible with the FET to be formed over that selected region.

[0017] In contrast to conventional techniques, however, as shown in FIG. 2, first
effective work function of metal layer 124 is changed to a second, different effective
work function over the second-type FET region 106 by implanting a species 140 into
metal layer 124 over second-type FET region 106. “Effective work function” does not
necessarily mean modulation of the metal 'work function' , which is commonly
understood to mean 'vacuum work function'. Rather, certain embodiments may rely on
diffusion of the implanted species into the dielectric stack, instead shifting threshold
voltage by other mechanisms such as fixed charge or electrostatic dipoles due to different
electro-negativities of the elements involved. In one embodiment, one of regions 104,

106 may be masked (first-type FET region 104 as shown) using any now known or later
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developed mask 130. However, a mask may not be necessary if implanting accurate
enough to cover only one of the regions is available. In one embodiment, aluminum (Al)
is used as the selected species, but other rare earth metal species may also be employed
such as lanthanum (La), iridium (Ir), platinum (Pt), ruthenium (Ru), magnesium (Mg),
strontium (Sr) or barium (Ba). Silicon layer 126 (and diclectric layer 120 and/or 122)
may also be implanted with the species. Implanting may occur using any now known or
later developed implanting technique, e.g., beam implant, plasma implant, etc.

[0018] FIG. 3 shows forming a first-type FET 150 compatible with first effective
work function over first-type FET region 104 (an area outside second-type region 106)
and forming a second-type FET 152 compatible with the second effective work function
over second-type FET region 106. Part of FET formation includes implanting and
annealing to form source/drain regions 160. Other processing such as forming spacers,
silicide contacts, etc., has been omitted for clarity.

[0019] Implanted species 140 in high-k dielectric 122 creates a dipole between a
bottom of high-k dielectric 122 and substrate 102 such that a effective work function of
metal layer 124 is not specific to a top of metal layer 124 but to a bottom of high-k
dielectric 122, thus shifting the effective work function of metal layer 124 over second-
type FET region 106. As shown in FIG. 4, species 140 may also diffuse through high-k
dielectric 122, e.g., during annealing that may occur as part of source/drain region 160
formation or other processing. Metal layer 124 acts as a screen layer to prevent too much

diffusion of species 140 into high-k dielectric 122. As indicated, silicon layer 126
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absorbs some of species 140. As an added benefit, species 140 implantation also acts to
retard boron diffusion to a channel where second-type FET region 106 is for a PFET.
[0020] FIG. 4 also shows a structure 170 comprising a first-type FET 150
including a gate 172 having high-k layer 122 and metal layer 124, the metal layer having
a first effective work function. Structure 170 also includes second-type FET 152
including a gate 174 having high-k layer 122 and metal layer 124, but with the metal
layer further including an implanted species 140 that changes the first effective work
function to a different second effective work function.

[0021] FIG. 5 shows a graph illustrating a threshold voltage shift capability of the
methods according to the disclosure. In one embodiment, a threshold voltage shift of
greater than a 50 milli-Volt shift for second-type FET is possible. This is a significant
improvement over conventional processing during which ratios of, for example, titanium,
nitride and aluminum are controlled during a reactive co-sputtering of titanium and
aluminum in a nitrogen ambient. In another embodiment, a threshold voltage shift of
approximately 600 milli-Volts may be possible such that the threshold voltage shift
between the NFET and the PFET approaches a band edge threshold voltage shift of the
PFET.

[0022] The methods as described above are used in the fabrication of integrated
circuit chips. The resulting integrated circuit chips can be distributed by the fabricator in
raw wafer form (that is, as a single wafer that has multiple unpackaged chips), as a bare

die, or in a packaged form. In the latter case the chip is mounted in a single chip package
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(such as a plastic carrier, with leads that are affixed to a motherboard or other higher
level carrier) or in a multichip package (such as a ceramic carrier that has either or both
surface interconnections or buried interconnections). In any case the chip is then
integrated with other chips, discrete circuit elements, and/or other signal processing
devices as part of either (a) an intermediate product, such as a motherboard, or (b) an end
product. The end product can be any product that includes integrated circuit chips,
ranging from toys and other low-end applications to advanced computer products having
a display, a keyboard or other input device, and a central processor.

[0023] The foregoing drawings show some of the processing associated according
to several embodiments of this disclosure. In this regard, each drawing or block within a
flow diagram of the drawings represents a process associated with embodiments of the
method described. It should also be noted that in some alternative implementations, the
acts noted in the drawings or blocks may occur out of the order noted in the figure or, for
example, may in fact be executed substantially concurrently or in the reverse order,
depending upon the act involved. Also, one of ordinary skill in the art will recognize that
additional blocks that describe the processing may be added.

[0024] The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the disclosure. As used herein,
the singular forms "a", "an" and "the" are intended to include the plural forms as well,
unless the context clearly indicates otherwise. It will be further understood that the terms

"comprises" and/or "comprising," when used in this specification, specify the presence of
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stated features, integers, steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

[0025] The corresponding structures, materials, acts, and equivalents of all means
or step plus function elements in the claims below are intended to include any structure,
material, or act for performing the function in combination with other claimed elements
as specifically claimed. The description of the present disclosure has been presented for
purposes of illustration and description, but is not intended to be exhaustive or limited to
the disclosure in the form disclosed. Many modifications and variations will be apparent
to those of ordinary skill in the art without departing from the scope and spirit of the
disclosure. The embodiment was chosen and described in order to best explain the
principles of the disclosure and the practical application, and to enable others of ordinary
skill in the art to understand the disclosure for various embodiments with various
modifications as are suited to the particular use contemplated.

INDUSTRIAL APPLICABILITY

[0026] This invention finds utility in the fabrication of integrated circuits having

dual effective work function metal gate integration.
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CLAIMS
What is claimed is:
1. A method comprising:
forming a high dielectric constant (high-k) layer (122) over a first-type
field effect transistor (FET) region (104) and a second-type FET region (106);
forming a metal layer (124) having a first effective work function
compatible for a first-type FET (150) over the first-type FET region (104) and the
second-type FET region (106); and
changing the first effective work function to a second, different effective
work function over the second-type FET region (106) by implanting a species

(140) into the metal layer (124) over the second-type FET region (106).

2. The method of claim 1, further comprising forming the first-type FET (150) over
the first-type FET region (104) and a second-type FET (152) over the second-type

FET region (106).

3. The method of claim 1, further comprising forming a silicon layer (126) over the

metal layer (124) prior to the changing, wherein the implanting includes

implanting the species (140) into the silicon (126).

4. The method of claim 1, wherein the metal layer (124) is selected from the group
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consisting of: tungsten (W), tantalum (Ta), aluminum (Al), ruthenium (Ru),
platinum (Pt), titanium nitride (TiN), tantalum nitride (TaN), nickel silicide
(NiSi), nickel-platinum silicide (NiPtSi), titanium nitride (TiN), tantalum nitride
(TaN), titanium carbide (TiC), tantalum carbide (TaC), tantalum carbide
oxynitride (TaCNO), ruthenium oxide (Ru0O,), and mixtures and multi-layers

thereof.

5. The method of claim 1, wherein the species (140) includes one of aluminum (Al),
lanthanum (La), iridium (Ir), platinum (Pt), ruthenium (Ru), magnesium (Mg),

strontium (Sr) or barium (Ba).

6. The method of claim 1, wherein the changing includes masking the first-type FET
region (104).

7. The method of claim 1, wherein the changing further includes annealing.

8. The method of claim 7, wherein the annealing is part of a source/drain region

(160) forming for the first-type and second-type FETs (150, 152).

9. The method of claim 1, wherein the changing results in greater than a 50 milli-

Volt shift in a threshold voltage of the second-type FET (152).



WO 2010/019495 PCT/US2009/053263

10.

11.

12.

13.

13

The method of claim 1, further comprising forming a gate dielectric layer (120)

prior to forming the high-k layer (122).

A method comprising:

forming a high dielectric constant (high-k) layer (122) and a metal layer
(124) over the high-k layer (122) , the metal layer (124) having a first effective
work function;

changing the first effective work function to a second, different effective
work function in a region (106) by implanting a species (140) into the metal layer
(124) over the region (106); and

forming a first-type FET (150) compatible with the first effective work
function over an area (104) outside the region (106) and forming a second-type
FET (152) compatible with the second effective work function over the region

(106).

The method of claim 11, further comprising forming a polysilicon layer (126)
over the metal layer (124) prior to the changing, wherein the implanting includes

implanting the species (140) into the polysilicon (126).

The method of claim 11, wherein the metal layer (124) is selected from the group

consisting of: tungsten (W), tantalum (Ta), aluminum (Al), ruthenium (Ru),
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14.

15.

16.

17.

18.

14

platinum (Pt), titanium nitride (TiN), tantalum nitride (TaN), nickel silicide
(NiSi), nickel-platinum silicide (NiPtSi), titanium nitride (TiN), tantalum nitride
(TaN), titanium carbide (TiC), tantalum carbide (TaC), tantalum carbide
oxynitride (TaCNO), ruthenium oxide (Ru0O,), and mixtures and multi-layers

thereof.

The method of claim 11, wherein the species (140) includes one of aluminum
(Al), lanthanum (La), iridium (Ir), platinum (Pt), ruthenium (Ru), magnesium

(Mg), strontium (Sr) or barium (Ba).

The method of claim 11, wherein the changing includes masking the area (104)

outside of the region (106).

The method of claim 11, wherein the first-type and second-type FET (150, 152)

formings include annealing.

The method of claim 16, wherein the annealing is part of a source/drain region

(160) forming for the first-type and second-type FETs (150, 152).

The method of claim 11, wherein the changing results in greater than a 50 milli-

Volt shift in a threshold voltage of the second-type FET (152).
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19.

20.

21.

22.

23.

15

A structure comprising;:

a first-type field effect transistor (FET) (150) including a gate (172)
having a high dielectric constant (high-k) layer (122) and a metal layer (124), the
metal layer (124) having a first effective work function; and

a second-type FET (152) including the high-k layer (122) and the metal
layer (124), the metal layer (124) further including an implanted species (140)
that changes the first effective work function to a different second effective work

function.

The structure of claim 19, wherein the implanted species (140) is present in the

high-k dielectric layer (122) .

The structure of claim 19, further comprising a polysilicon layer (126) over the

metal layer (124) in each of the first-type and second-type FETs (150, 152).

The structure of claim 21, wherein the implanted species (140) is present in the

polysilicon layer (126).

The structure of claim 19, wherein a threshold voltage shift for the second-type

FET (152) is greater than 50 milli-Volt compared to the first-type FET (150).
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24.

25.

16

The structure of claim 23, wherein the threshold voltage shift is approximately

600 milli-Volts.

The structure of claim 19, wherein the first-type FET (150) includes an n-type
FET (NFET), and the second-type FET (152) includes a p-type FET (PFET), and
a threshold voltage shift between the NFET and the PFET approaches a band edge

threshold voltage shift of the PFET.
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