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; 100
; . ; . ; L1~ 102
Form an interfacial dielectric layer over a semiconductor substrate.
Y
, , , _ o , |, 104
Form a high-k dielectric layer over the interfacial dielectric layer.

A 4

Form a first metal laycer over the high-k diclectric layer, the first metal layer 1~ 106
having a first work function and comprising a doped-conducting metal oxide.

A 4

Form a second metal layer over the high-k dielectric layer, the second metal layer | 4 - 108
having a second work function and comprising a doped-conducting metal oxide.

A 4

Form a capping layer over the first metal layer having a first work function and [~ 110
the second metal layer having a second work function.

Form a first metal gate stack having the first work function and a second metal |4 ~112
gate stack having the second work function.

FIG. 1
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300

Form an interfacial dielectric layer over a semiconductor substrate.

302

y

Form a high-k dielectric layer over the interfacial dielectric layer.

304

A

y

Form a capping layer over the high-k dielectric layer.

306

A

A

Form a hard mask layer over the capping layer

308

A

y

Form a first gate structure and a second gate structure disposed over the

semiconduc

tor substrate.

310

A

y

Remove a portion of the first gate structure, and form a first metal gate having a
first work function in the first gate structure, wherein the first metal gate

312

comprises a doped-conducting metal oxide.

A

A

314

Remove a portion of the second gate structure, and form a sccond metal gate
having a second work function in the second gate structure, wherein the second
metal gate comprises a doped-conducting metal oxide.
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500

_ o _ , 502
Form an interfacial dielectric layer over a semiconductor substrate.
A 4
. ) o . |, 504
Form a capping layer over the interfacial dielectric layer.
A 4
. |- 506
Form a hard mask layer over the capping layer
A 4
Form a first gate structure and a second gate structure disposed over the 7~ 508
semiconductor substrate.
A 4
_ _ |, 510
Remove a portion of the first gate structure and the second gate structure.
Form a first metal gate having a first work function in the first gate structure and |+~ 512
a second metal gate having a second work function in the second gate structure,
wherein the first metal gate and the second metal gate comprise a doped-
conducting metal oxide.

FIG. 5
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‘5 700
. o , , |, 702
Form an interfacial dielectric layer over a semiconcductor substrate.
A 4
, , o , |, 704
Form a capping layer over the interfacial dielectric layer.
A 4
] = 706
Form a hard mask layer over the capping layer
Form a first gate structure and a second gate structure disposed over the .~ 708
semiconductor substrate.
_ ] |, 710
Remove a portion of the first gate structure.
Form a first metal gate having a first work function in the first gate structure, |~ 712
wherein the first metal gate comprises a doped-conducting metal oxide.

714
Remove a portion of the second gate structure. -1

Form a second metal gate having a second work function in the second gate 1~ 716
structure, wherein the second metal gate comprises a doped-conducting metal
oxide.

FIG. 7
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STRUCTURE AND METHOD FOR A CMOS
DEVICE WITH DOPED CONDUCTING
METAL OXIDE AS THE GATE ELECTRODE

PRIORITY DATA

[0001] This application claims priority to Provisional
Application Ser. No. 61/091,960 filed on Aug. 26, 2008,
entitled “A STRUCTURE AND METHOD FOR A CMOS
DEVICE WITH DOPED CONDUCTING METAL OXIDE
AS THE GATE ELECTRODE,” the entire disclosure of
which is incorporated herein by reference.

BACKGROUND

[0002] The semiconductor integrated circuit (IC) industry
has experienced rapid growth. Technological advances in IC
materials and design have produced generations of ICs where
each generation has smaller and more complex circuits than
the previous generation. However, these advances have
increased the complexity of processing and manufacturing
ICs and, for these advances to be realized, similar develop-
ments in IC processing and manufacturing are needed.

[0003] In the course of IC evolution, functional density
(i.e., the number of interconnected devices per chip area) has
generally increased while geometry size (i.e., the smallest
component (or line) that can be created using a fabrication
process) has decreased. This scaling down process generally
provides benefits by increasing production efficiency and
lowering associated costs. Such scaling-down also produces a
relatively high power dissipation value, which may be
addressed by using low power dissipation devices such as

complementary  metal-oxide-semiconductor  (CMOS)
devices.
[0004] During the scaling trend, various materials have

been implemented for the gate electrode and gate dielectric
for CMOS devices. CMOS devices have typically been
formed with a gate oxide and polysilicon gate electrode.
There has been a desire to replace the gate oxide and poly-
silicon gate electrode with a high-k gate dielectric and metal
gate electrode to improve device performance as feature sizes
continue to decrease. Current processing utilizes metal, metal
carbide, and/or metal nitride for the gate electrode. However,
such materials provide insufficient work function values and
present thermal stability issues, particularly when utilized in
an n-type MOS device (NMOS) and a p-type MOS device
(PMOS), which require different work functions for their
respective gate electrode.

[0005] Accordingly, what is needed is a semiconductor
device that addresses the above stated issues, and a method
for making such semiconductor device.

SUMMARY OF THE INVENTION

[0006] Embodiments of the present invention relate to
semiconductor devices having doped-conducting metal oxide
and methods for forming such semiconductor devices. The
doped-conducting metal oxide can provide desired work
function values and thermal stability. In one embodiment, a
semiconductor device providing improved work function val-
ues comprises a semiconductor substrate; an interfacial
dielectric layer over the semiconductor substrate; a high-k
gate dielectric layer over the interfacial dielectric layer; and a
doped-conducting metal oxide layer over the high-k gate
dielectric layer.
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[0007] Inoneembodiment,a method for fabricating a semi-
conductor device comprises providing a semiconductor sub-
strate having a first active region and a second active region;
forming a high-k dielectric layer over the semiconductor sub-
strate; forming a first metal layer over the high-k dielectric
layer in the first active region, the first metal layer having a
first work function, and wherein the first metal layer com-
prises a first doped-conducting metal oxide; forming a second
metal layer over the high-k dielectric layer in the second
active region, the second metal layer having a second work
function, and wherein the second metal layer comprises a
second doped-conducting metal oxide; and forming a first
gate stack in the first active region and a second gate stack in
the second active region.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The present disclosure is best understood from the
following detailed description when read with the accompa-
nying figures. It is emphasized that, in accordance with the
standard practice in the industry, various features are not
drawn to scale and are used for only illustration purposes. In
fact, the dimensions of the various features may be arbitrarily
increased or reduced for clarity of discussion.

[0009] FIG. 1 is a flow chart of a method for forming a
semiconductor device according to aspects of the present
invention.

[0010] FIGS. 2A-2E are various cross-sectional views of
embodiments of a semiconductor device during various fab-
rication stages according to the method of FIG. 1.

[0011] FIG. 3 is a flow chart of a method for forming a
semiconductor device according to aspects of the present
invention.

[0012] FIGS. 4A-4E are various cross-sectional views of
embodiments of a semiconductor device during various fab-
rication stages according to the method of FIG. 3.

[0013] FIG. 5 is a flow chart of a method for forming a
semiconductor device according to aspects of the present
invention.

[0014] FIGS. 6A-6G are various cross-sectional views of
embodiments of a semiconductor device during various fab-
rication stages according to the method of FIG. 5.

[0015] FIG. 7 is a flow chart of a method for forming a
semiconductor device according to aspects of the present
invention.

[0016] FIGS. 8A-8D are various cross-sectional views of
embodiments of a semiconductor device during various fab-
rication stages according to the method of FIG. 7.

DETAILED DESCRIPTION

[0017] The present disclosure relates generally to the field
of semiconductor devices, and more particularly, to a semi-
conductor device that exhibits improved work function values
and thermal stability.

[0018] It is understood that the following disclosure pro-
vides many different embodiments, or examples, for imple-
menting different features of the invention. Specific examples
of components and arrangements are described below to sim-
plify the present disclosure. These are, of course, merely
examples and are not intended to be limiting. For example,
the formation of a first feature over or on a second feature in
the description that follows may include embodiments in
which the first and second features are formed in direct con-
tact, and may also include embodiments in which additional
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features may be formed between the first and second features,
such that the first and second features may not be in direct
contact. In addition, the present disclosure may repeat refer-
ence numerals and/or letters in the various examples. This
repetition is for the purpose of simplicity and clarity and does
not in itself dictate a relationship between the various
embodiments and/or configurations discussed.

[0019] Embodiments of the present invention relate to
semiconductor devices having doped-conducting metal oxide
and methods for forming such semiconductor devices. The
doped-conducting metal oxide can provide desired work
function values and thermal stability. In one embodiment, a
semiconductor device providing desired work function val-
ues comprises a semiconductor substrate; an interfacial
dielectric layer over the semiconductor substrate; a high-k
gate dielectric layer over the interfacial dielectric layer; and a
doped-conducting metal oxide layer over the high-k gate
dielectric layer.

[0020] Withreferenceto FIGS. 1through 8D, methods 100,
300, 500, and 700, and semiconductor devices 200, 400, 600,
and 800, are collectively described below. It is understood
that additional steps can be provided before, during, and after
the methods 100, 300, 500, and 700 and some of the steps
described below can be replaced or eliminated, for additional
embodiments of the method. It is further understood that
additional features can be added in the semiconductor devices
200, 400, 600, and 800, and some of the features described
below can be replaced or eliminated, for additional embodi-
ments of the semiconductor devices 200, 400, 600, and 800.
The present embodiments of methods 100, 300, 500, 700 and
semiconductor devices 200, 400, 600, 800 provide a semi-
conductor device with improved work function values and
better thermal stability.

[0021] Further, the semiconductor devices may be fabri-
cated in a hybrid process including a gate first process and a
gate last process. In the gate first process, a metal gate struc-
ture may be formed first and may be followed by CMOS
process flow to fabricate the final device. In the gate last
process, a dummy poly gate structure may be formed first and
may be followed normal CMOS process flow until deposition
of an interlayer dielectric (ILD), and then the dummy poly
gate structure may be removed and replaced with a metal gate
structure. In the hybrid gate process, a metal gate structure of
one type of device may be formed first and a metal gate
structure of another type of device may be formed last as
discussed below.

[0022] FIG. 1 is a flow chart of one embodiment of the
method 100 for making the semiconductor device 200. FIGS.
2A-2E are various cross-sectional views of the semiconduc-
tor device 200 according to one embodiment, in portion or
entirety, during various fabrication stages of the method 100.
The method 100 provides for making the semiconductor
device 200 in a gate-first process. Referring to FIGS. 1 and
2A, the method 100 begins at step 102 wherein a semicon-
ductor substrate 210 including active regions 211A, 211B and
atleast one isolation region 212 is provided, and an interfacial
dielectric layer 214 is formed over the semiconductor sub-
strate 210.

[0023] The semiconductor substrate 210 may comprise an
elementary semiconductor including silicon or germanium in
crystal, polycrystalline, or an amorphous structure; a com-
pound semiconductor including silicon carbide, gallium
arsenic, gallium phosphide, indium phosphide, indium ars-
enide, and indium antimonide; an alloy semiconductor
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including SiGe, GaAsP, AllnAs, AlGaAs, GalnAs, GalnP,
and GalnAsP; any other suitable material; and/or combina-
tions thereof. In one embodiment, the alloy semiconductor
substrate may have a gradient SiGe feature in which the Siand
Ge composition change from one ratio at one location to
another ratio at another location of the gradient SiGe feature.
In another embodiment, the alloy SiGe is formed over a
silicon substrate. In another embodiment, a SiGe substrate is
strained. Furthermore, the semiconductor substrate may be a
semiconductor on insulator, such as a silicon on insulator
(SOI), or a thin film transistor (TFT). In some examples, the
semiconductor substrate may include a doped epi layer or a
buried layer. In other examples, the compound semiconduc-
tor substrate may have a multilayer structure, or the silicon
substrate may include a multilayer compound semiconductor
structure. In the present embodiment, the semiconductor sub-
strate 210 comprises silicon, germanium, a group I11-V mate-
rial, or a group I1-VI material.

[0024] Semiconductor substrate 210 may include various
doping configurations depending on design requirements as
known in the art. In some embodiments, the semiconductor
substrate 210 may include doped regions. The doped regions
may be doped with p-type or n-type dopants. For example, the
doped regions may be doped with p-type dopants, such as
boron or BF,; n-type dopants, such as phosphorus or arsenic;
and/or combinations thereof. The doped regions may be
formed directly on the semiconductor substrate, in a P-well
structure, in a N-well structure, in a dual-well structure, or
using a raised structure.

[0025] The semiconductor substrate 210 includes active
regions 211A, 211B. In the present embodiment, the active
region 211A may be configured for an N-type metal-oxide-
semiconductor transistor device (referred to as an NMOS),
and the active region 211B may be configured for a P-type
metal-oxide-semiconductor transistor device (referred to as a
PMOS). It is understood that the semiconductor device 200
may be formed by complementary metal-oxide-semiconduc-
tor (CMOS) technology processing, and thus some processes
are not described in detail herein.

[0026] The at least one isolation region 212 may be formed
on the semiconductor substrate 210 to isolate active regions
211A, 211B of the semiconductor substrate 210, and in the
present embodiment, to isolate the NMOS and PMOS tran-
sistor device regions. The isolation region 212 may utilize
isolation technology, such as local oxidation of silicon (LO-
COS) or shallow trench isolation (STI), to define and electri-
cally isolate the various active regions 211A, 211B. In the
present embodiment, the isolation region 212 includes a STI.
The isolation region 212 may comprise silicon oxide, silicon
nitride, silicon oxynitride, fluoride-doped silicate glass
(FSG), a low-K dielectric material, other suitable materials,
and/or combinations thereof. The isolation region 212, and in
the present embodiment, the STI, may be formed by any
suitable process. As one example, the formation of an STI
may include patterning the semiconductor substrate by a con-
ventional photolithography process, etching a trench in the
substrate (for example, by using a dry etching, wet etching,
and/or plasma etching process), and filling the trench (for
example, by using a chemical vapor deposition process) with
a dielectric material. In some embodiments, the filled trench
may have a multi-layer structure such as a thermal oxide liner
layer filled with silicon nitride or silicon oxide.

[0027] The semiconductor device 200 further includes the
interfacial dielectric layer 214 formed over the substrate 210.
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The interfacial dielectric layer 214 may be formed by any
suitable process and any suitable thickness. For example, in
the present embodiment, the interfacial layer 214 may include
a grown silicon oxide layer having a thickness of approxi-
mately 4 angstroms (A). In some embodiments, before the
interfacial dielectric layer 214 is grown over the substrate
210, a HF-1ast pre-gate clean (e.g., utilizing an HF solution)
and UV process may be performed.

[0028] At step 104, a high-k dielectric layer 216 is formed
over the interfacial dielectric layer 214. The high-k dielectric
layer 216 may include hafnium oxide (HfO,). In the present
embodiment, the high-k dielectric layer 216 includes
hafnium oxide having a thickness of approximately 20 A.
Alternatively, the high-k dielectric layer 216 may optionally
include other high-k dielectric materials such as hafnium
silicon oxide (HfSi0), hafnium silicon oxynitride (HfSiON),
hafnium tantalum oxide (HfTaO), hafnium titanium oxide
(HfT10), hatnium zirconium oxide (HfZrO), other suitable
high-k dielectric materials, and/or combinations thereof. The
high-k material may further be selected from metal oxides,
metal nitrides, metal silicates, transition metal-oxides, tran-
sition metal-nitrides, transition metal-silicates, oxynitrides of
metals, metal aluminates, zirconium silicate, zirconium alu-
minate, silicon oxide, silicon nitride, silicon oxynitride, zir-
conium oxide, titanium oxide, aluminum oxide, hafnium
dioxide-alumina (HfO,—Al,O,) alloy, other suitable mate-
rials, and/or combinations thereof. The high-k dielectric layer
216 may be formed by any suitable process, such as atomic
layer deposition (ALD), chemical vapor deposition (CVD),
physical vapor deposition (PVD), remote plasma CVD
(RPCVD), plasma enhanced CVD (PECVD), metal organic
CVD (MOCVD), sputtering, plating, other suitable pro-
cesses, and/or combinations thereof.

[0029] In some embodiments, a diffusion barrier/protec-
tion layer 218 is formed over the high-k dielectric layer 216.
The diffusion barrier/protection layer 218 may comprise tita-
nium, titanium nitride (TiN), tantalum, tantalum nitride, other
suitable material, and/or combinations thereof. In the present
embodiment, the diffusion barrier/protection layer 218 com-
prises TiN, which is deposited by PVD to a thickness of
approximately 20 A. In alternate embodiments, the diffusion
barrier/protection layer may be formed by any suitable pro-
cess, suchas CVD, PVD, ALD, thermal oxide, plating, and/or
combinations thereof. Further, in alternate embodiments, the
diffusion barrier layer 218 comprises any suitable thickness.
It is understood that the diffusion barrier layer 218 may be
omitted in alternate embodiments.

[0030] Referring to FIGS. 1 and 2B, the method 100 pro-
ceeds to step 106 by forming a first metal layer 220 over the
high-k dielectric layer 216, or in the present embodiment,
over the diffusion barrier/protection layer 218, wherein the
first metal layer 220 comprises a material with a first work
function. The first metal layer 220 is formed within active
region 211A, the NMOS region. Referring to FIGS. 1 and 2C,
the method 100 proceeds to step 108 by forming a second
metal layer 222 over the high-k dielectric layer 216, or in the
present embodiment, over the diffusion barrier/protection
layer 218, wherein the second metal layer 222 comprises a
material with a second work function. The second metal layer
222 is formed within active region 211B, the PMOS region.
[0031] The first metal layer 220 and the second metal layer
222 may be formed by any suitable process. For example, the
metal layers 220, 222 may be formed by conventional depo-
sition processes, photolithography patterning processes,
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etching processes, and/or combinations thereof. The deposi-
tion processes may include PVD, CVD, ALD, sputtering,
plating, other suitable methods, and/or combinations thereof.
The photolithography patterning processes may include pho-
toresist coating (e.g., spin-on coating), soft baking, mask
aligning, exposure, post-exposure baking, developing the
photoresist, rinsing, drying (e.g., hard baking), other suitable
processes, and/or combinations thereof. The photolithogra-
phy exposing process may also be implemented or replaced
by other proper methods such as maskless photolithography,
electron-beam writing, ion-beam writing, and molecular
imprint. The etching processes may include dry etching, wet
etching, and/or other etching methods (e.g., reactive ion etch-
ing). The etching process may also be either purely chemical
(plasma etching), purely physical (ion milling), and/or com-
binations thereof. It is understood that the metal layers 220,
222 may be formed by any combination of the processes
described above.

[0032] Conventional metal layers utilized in metal gate
structures comprise metal, metal carbide, and/or metal
nitride. For example, conventional metal layer 220 would
comprise metal carbide (e.g., TaC) in the active/NMOS
region 211A, and conventional metal layer 222 would com-
prise metal nitride (e.g., Mo,N) in the active/PMOS region
211B. However, these conventional metal layers provide
insufficient work function values and insufficient thermal
stability.

[0033] The present embodiment provides metal layers 220,
222 with correct work function values (e.g., more band-edge
work function for doped-channel device, mid-gap work func-
tion for depleted channel device, etc.) and better thermal
stability. Such improved work function values and thermal
stability is achieved by the metal layers 220, 222 comprising
a doped-conducting metal oxide (DCO). The DCO may com-
prise SnO,, In,0;, ZnO, CdO, and/or combinations thereof;,
SnO, doped with Sb, F, As, Nb, Ta, and/or combinations
thereof; In,0; doped with Zn, Ge, Mo, F, Ti, Zr, Hf, Nb, Ta,
W, Te, Ga, Mg, Sn, and/or combinations thereof, ZnO doped
with Al, Ga, B, In, Y, Sc, F, V, Si, Ge, Ti, Zr, Hf, and/or
combinations thereof; CdO doped with In, Sn, and/or com-
binations thereof; CdSb,04 doped with Y; other suitable
materials; and/or combinations thereof (e.g., ZnO doped with
SnO,; ZnO doped with In,O5; ZnO doped with In,0; doped
with SnO,). The DCO may comprise a transparent conduct-
ing oxide (TCO), which may include SnO,, In,O0;, ZnO,
CdO, and/or combinations thereof. TCOs are widely utilized
in semiconductor technologies, such as in p-electrodes of
LEDs, OLED anodes, UV sensors, solar cells, laser diodes,
thin film transistors (TFTs), and flash memories. Accord-
ingly, utilizing DCO materials for metal layers 220, 222 pro-
vides optimal tuning of the work functions of the varying
compositions of metal layers.

[0034] Table 1 below provides DCOs that are well-suited
for obtaining desirable p-type work functions, n-type work
functions, and mid-gap work functions.

TABLE 1

Doped-Conducting Metal Oxides (DCOs)

Work Resistivity

DCO Function (eV) (ohm-cm)
p-gate ITO In203:Sn 4.7-5.1 ~le-4 as dep
GZO ZnO:Ga 5.3 ~le-4 @ 900 C.
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TABLE 1-continued

Doped-Conducting Metal Oxides (DCOs)

Work Resistivity

DCO Function (V) (ohm-cm)
ZZ0 ZnO:Zr 5.5
1ZO  ZnO:In 4.9-5.2 3e-4 @ 600 C.
IZTO In203:ZnO&Sn0O2 6.1 4e—4 as dep
5.12
TZO ZnO:SnO2 or Sn >5
GIO In203:Ga 5.4
midgap IMO In203:Mo 4.6 7.8e—4 as dep
2.3e-4 @700 C.

n-gate  AZO ZnO:Al 3.7-44 ~2e-4

For example, in the active/NMOS region 211A, first metal
layer 220 may comprise a DCO referred to as AZO, which
includes ZnO doped with Al. The AZO results in a desirable
n-type work function for the active/NMOS region 211A, as
evident from Table 1 that shows the work function of the AZO
ranging from approximately 3.7 eV to 4.4 eV. In the active/
PMOS region 211B, the second metal layer 222 may com-
prise a DCO referred to as ITO, which includes In,O; doped
with Sn; GZO, which includes ZnO doped with Ga; ZZO,
which includes ZnO doped with Zr; IZO, which includes ZnO
doped with In; IZTO, which includes In,O; doped with ZnO
and SnO,; TZO, which includes ZnO doped with SnO, or Sn;
or GIO, which includes In,O; doped with Ga. The ITO, GZO,
770, 170, IZTO, TZO, and GIO result in desirable p-type
work functions for the active/PMOS region 211B, as evident
from Table 1 that shows work functions ranging from
approximately 4.7 eV to 6.1 eV. In some embodiments, a
mid-gap work function metal may be desired, and accord-
ingly, the metal layers 220, 222 may comprise a DCO referred
to as IMO, which includes In,O; doped with Mo, providing a
work function value of approximately 4.6 eV. In the present
embodiment, the first metal layer 220 comprises an n-type
work-function material, AZO, which includes ZnO doped
with Al, and the second metal layer 222 comprises a p-type
work function material, ZZO, which includes ZnO doped
with Zr. In some embodiments, the first metal layer 220 and
the second metal layer 222 may each have a thickness
between about 20 A and about 1,000 A. In alternate embodi-
ments, the metal layers 220, 222 may comprise any suitable
thickness. In some embodiments, the metal layers 220, 222
may both comprise a p-type work function material, wherein
each metal layer comprises a similar or different work func-
tion value. In alternate embodiments, the metal layers 220,
222 may both comprise an n-type work function material or a
mid-gap work function material, wherein each metal layer
comprises material with similar or different work function
values.

[0035] A diffusion barrier layer 224 may be formed over
the semiconductor device 200, particularly, metal layers 220,
222 as illustrated in FIG. 2D. The diffusion barrier layer may
comprise titanium, titanium nitride, tantalum, tantalum
nitride, other suitable material, and/or combinations thereof.
In the present embodiment, the diffusion barrier layer 224
comprises TiN, which is deposited by PVD to a thickness of
approximately 50 A. In alternate embodiments, the diffusion
barrier layer may be formed by any suitable process, such as
CVD, PVD, ALD, thermal oxide, plating, and/or combina-
tions thereof. Further, in alternate embodiments, the diffusion
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barrier layer 224 comprises any suitable thickness. Itis under-
stood that the diftfusion barrier layer 224 may be omitted for
alternate embodiments.

[0036] At step 110, referring to FIGS. 1 and 2D, a capping
layer 226 is formed over the metal layers 220, 222, and in the
present embodiment, over the diffusion barrier layer 224. The
capping layer 226 may comprise polycrystalline silicon; sili-
con-containing materials; germanium-containing materials;
metal, such as aluminum, copper, tungsten, titanium, tantu-
lum, titanium nitride, tantalum nitride, nickel silicide, cobalt
silicide; other proper conductive materials; and combinations
thereof. In the present embodiment, the capping layer 226
comprises polysilicon having a thickness between about 200
A and about 1,000 A, preferably about 600 A. In some
embodiments, the capping layer 226 may include metal (e.g.,
an aluminum-based, tungsten, or copper material), which
may be used in a gate last-process and comprise a thickness
between about 50 A and about 1,000 A, preferably about 200
A. In alternate embodiments, the capping layer 226 may
comprise any suitable thickness. The capping layer 226 may
be formed by CVD, PVD, ALD, thermal oxide, plating, other
suitable processes, and/or combinations thereof. In some
embodiments, the capping layer 226 comprises aluminum
and/or tungsten. For example, in some embodiments, the
capping layer 226 comprises aluminum formed by CVD. Itis
understood that, in alternate embodiments, the capping layer
226 may comprise multilayer structures.

[0037] Referringto FIGS.1and 2E, at step 112, afirst metal
gate stack 230 with a first work function in the active/NMOS
region 211A and a second metal gate stack 231 with a second
work function in the active/PMOS region 211B are formed. In
the present embodiment, the first metal gate stack 230 com-
prises the metal layer 220 including the n-type work function
material, AZO, which includes ZnO doped with Al (i.e., the
first work function), and the second metal gate stack 231
comprises the metal layer 222 including the p-type work
function material, ZZO, which includes ZnO doped with Zr
(i.e., the second work function).

[0038] The first metal gate stack 230 and the second metal
gate stack 231 may be formed by any suitable process. For
example, the metal gate stacks 230, 231 may be formed by
conventional deposition, photolithography patterning, and
etching processes, and/or combinations thereof. The deposi-
tion processes may include PVD, CVD, ALD, sputtering,
plating, other suitable methods, and/or combinations thereof.
The photolithography patterning processes may include pho-
toresist coating (e.g., spin-on coating), soft baking, mask
aligning, exposure, post-exposure baking, developing the
photoresist, rinsing, drying (e.g., hard baking), other suitable
processes, and/or combinations thereof. The photolithogra-
phy exposing process may also be implemented or replaced
by other proper methods such as maskless photolithography,
electron-beam writing, ion-beam writing, and molecular
imprint. The etching processes may include dry etching, wet
etching, and/or other etching methods (e.g., reactive ion etch-
ing). The etching process may also be either purely chemical
(plasma etching), purely physical (ion milling), and/or com-
binations thereof. It is understood that the metal gate stacks
230,231 may be formed by any combination of the processes
described above.

[0039] Inone example, for patterning the metal gate stacks
230, 231, a layer of photoresist is formed over the capping
layer 226 by a suitable process, such as spin-on coating, and
then patterned to form a patterned photoresist feature by a
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proper lithography patterning method. The pattern of the
photoresist can then be transferred by a dry etching process to
the underlying layers (i.e., the interfacial dielectric layer 214,
the high-k dielectric layer 216, the diffusion barrier/protec-
tion layer 218, the first metal layer 220, the second metal layer
222, the diffusion barrier layer 224, and the capping layer
226) to form the metal gate stacks 230, 231 as shown in FIG.
2E. The photoresist layer may be stripped thereafter. In
another example, a hard mask layer is formed over the cap-
ping layer 226; a patterned photoresist layer is formed on the
hard mask layer; the pattern of the photoresist layer is trans-
ferred to the hard mask layer and then transferred to the
electrode layers to form the electrode layers and dielectric
layers of the gate structures. It is understood that the above
examples do not limit the processing steps that may be uti-
lized to form the metal gate stacks 230, 231.

[0040] It is understood that the semiconductor device 200
may undergo further CMOS or MOS technology processing
to form various features known in the art. For example, gate
sidewall spacers may be formed on both sides of the metal
gate stacks 230, 231 by a deposition and etching process. In
some embodiments, lightly doped regions (referred to as
LDD regions) may be formed in the substrate 210 using any
suitable process, such as ion implantation, and any suitable
dopants. In another example, source and drain regions (re-
ferred to as S/D regions) may be formed in the substrate 210
using ion implantation or diffusion with suitable dopants
(depending on the configuration of the device such as NMOS
and PMOS) and located proximate to each end of the metal
gate stacks 230, 231 (the high-k gate dielectric and metal gate
electrode), respectively. In still another example, various con-
tacts/vias and multilayer interconnect features (e.g., metal
layers and interlayer dielectrics) may be formed on the sub-
strate 210 and configured to connect the various features or
structures of the semiconductor device 200.

[0041] FIG. 3 is a flow chart of one embodiment of the
method 300 for making the semiconductor device 400. FIGS.
4A-4E are various cross-sectional views of the semiconduc-
tor device 400 according to one embodiment, in portion or
entirety, during various fabrication stages of the method 300.
The method 300 provides for making the semiconductor
device 400 in a hybrid gate-first/gate-last process. Referring
to FIGS. 3 and 4A, the method 300 begins at step 302 wherein
a semiconductor substrate 410 including active regions 411A,
411B and at least one isolation region 412 is provided, and an
interfacial dielectric layer 414 is formed over the semicon-
ductor substrate 410.

[0042] The semiconductor substrate 410 may comprise an
elementary semiconductor including silicon or germanium in
crystal, polycrystalline, or an amorphous structure; a com-
pound semiconductor including silicon carbide, gallium
arsenic, gallium phosphide, indium phosphide, indium ars-
enide, and indium antimonide; an alloy semiconductor
including SiGe, GaAsP, AllnAs, AlGaAs, GalnAs, GalnP,
and GalnAsP; any other suitable material; and/or combina-
tions thereof. In one embodiment, the alloy semiconductor
substrate may have a gradient SiGe feature in which the Siand
Ge composition change from one ratio at one location to
another ratio at another location of the gradient SiGe feature.
In another embodiment, the alloy SiGe is formed over a
silicon substrate. In another embodiment, a SiGe substrate is
strained. Furthermore, the semiconductor substrate may be a
semiconductor on insulator, such as a silicon on insulator
(SOI), or a thin film transistor (TFT). In some examples, the
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semiconductor substrate may include a doped epi layer or a
buried layer. In other examples, the compound semiconduc-
tor substrate may have a multilayer structure, or the silicon
substrate may include a multilayer compound semiconductor
structure. In the present embodiment, the semiconductor sub-
strate 410 comprises silicon, germanium, a group I1I-V mate-
rial, or a group I1-VI material.

[0043] Semiconductor substrate 410 may include various
doping configurations depending on design requirements as
known in the art. In some embodiments, the semiconductor
substrate 410 may include doped regions. The doped regions
may be doped with p-type or n-type dopants. For example, the
doped regions may be doped with p-type dopants, such as
boron or BF,; n-type dopants, such as phosphorus or arsenic;
and/or combinations thereof. The doped regions may be
formed directly on the semiconductor substrate, in a P-well
structure, in a N-well structure, in a dual-well structure, or
using a raised structure.

[0044] The semiconductor substrate 410 includes active
regions 411A, 411B. In the present embodiment, the active
region 411 A may be configured for an NMOS, and the active
region 411B may be configured for a PMOS. It is understood
that the semiconductor device 400 may be formed by CMOS
technology processing, and thus some processes are not
described in detail herein.

[0045] The at least one isolation region 412 may be formed
on the semiconductor substrate 410 to isolate active regions
411A, 411B of the semiconductor substrate 410, and in the
present embodiment, to isolate the NMOS and PMOS tran-
sistor device regions. The isolation region 412 may utilize
isolation technology, such as LOCOS or STI, to define and
electrically isolate the various active regions 411A, 411B. In
the present embodiment, the isolation region 412 includes a
STI. The isolation region 412 may comprise silicon oxide,
silicon nitride, silicon oxynitride, fluoride-doped silicate
glass (FSG), a low-K dielectric material, other suitable mate-
rials, and/or combinations thereof. The isolation region 412,
and in the present embodiment, the STI, may be formed by
any suitable process.

[0046] The semiconductor device 400 may further include
the interfacial dielectric layer 414 formed over the substrate
410. The interfacial dielectric layer 414 may be formed by
any suitable process and any suitable thickness. For example,
in the present embodiment, the interfacial layer 414 may
include a grown SiO, layer having a thickness of approxi-
mately 4 A. The interfacial layer 414 may further comprise
SiON. In some embodiments, before the interfacial dielectric
layer 414 is grown over the substrate 410, a HF-1ast pre-gate
clean (e.g., utilizing an HF solution) and UV process may be
performed. In some embodiments, the interfacial layer 414
may be formed by rapid thermal oxidation. Further, in some
embodiments, the interfacial layer 414 may be omitted
entirely.

[0047] At step 304, a high-k dielectric layer 416 is formed
over the interfacial dielectric layer 414. The high-k dielectric
layer 416 may include HfO,. In the present embodiment, the
high-k dielectric layer 416 includes hafnium oxide having a
thickness of approximately 20 A. Alternatively, the high-k
dielectric layer 416 may optionally include other high-k
dielectric materials such as HfSiO, HfSiON, HfTaO, HfTiO,
HfZrO, other suitable high-k dielectric materials, and/or
combinations thereof. The high-k material may further be
selected from metal oxides, metal nitrides, metal silicates,
transition metal-oxides, transition metal-nitrides, transition
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metal-silicates, oxynitrides of metals, metal aluminates, zir-
conium silicate, zirconium aluminate, silicon oxide, silicon
nitride, silicon oxynitride, zirconium oxide, titanium oxide,
aluminum oxide, hatnium dioxide-alumina alloy, other suit-
able materials, and/or combinations thereof. The high-k
dielectric layer 416 may be formed by any suitable process,
suchas ALD, CVD, PVD, RPCVD, PECVD, MOCVD, sput-
tering, plating, other suitable processes, and/or combinations
thereof.

[0048] In some embodiments, a diffusion barrier/protec-
tion layer 418 may be formed over the high-k dielectric layer
416. The diffusion barrier/protection layer 418 may comprise
titanium, titanium nitride, tantalum, tantalum nitride, other
suitable material, and/or combinations thereof. In the present
embodiment, the diffusion barrier layer 418 comprises TiN,
whichis deposited by PVDto a thickness of approximately 20
A In alternate embodiments, the diffusion barrier/protection
layer may be formed by any suitable process, such as CVD,
PVD, ALD, thermal oxide, plating, and/or combinations
thereof. Further, in alternate embodiments, the diffusion bar-
rier/protection layer 418 comprises any suitable thickness. It
is understood that the diffusion barrier/protection layer 418
may be omitted in alternate embodiments.

[0049] The method 300 proceeds to step 306 where a cap-
ping layer 420 is formed over the high-k dielectric layer 416,
and in the present embodiment, over the diffusion barrier/
protection layer 418. The capping layer 420 may comprise
polycrystalline silicon; silicon-containing materials; germa-
nium-containing materials; metal, such as aluminum, copper,
tungsten, titanium, tantulum, titanium nitride, tantalum
nitride, nickel silicide, cobalt silicide; other proper conduc-
tive materials; and/or combinations thereof. In the present
embodiment, the capping layer 420 comprises polysilicon
having a thickness between about 200 A and about 1,000 A,
preferably about 600 A. In some embodiments, the capping
layer 420 may include metal (e.g., an aluminum-based, tung-
sten, or copper material), which may be used in a gate last-
process and comprise a thickness between about 50 A and
about 1,000 A, preferably about 200 A. In alternate embodi-
ments, the capping layer 420 may comprise any suitable
thickness. The capping layer 420 may be formed by CVD,
PVD, ALD, thermal oxide, plating, other suitable processes,
and/or combinations thereof. In some embodiments, the cap-
ping layer 420 comprises aluminum and/or tungsten. For
example, in some embodiments, the capping layer 420 com-
prises aluminum formed by CVD. It is understood that, in
alternate embodiments, the capping layer 420 may comprise
multilayer structures.

[0050] At step 308, a hard mask layer 422 is formed over
the capping layer 420. In the present embodiment, the hard
mask layer 422 comprises a nitrogen-containing material,
such as silicon nitride, silicon oxynitride, other suitable nitro-
gen-containing materials, and/or combinations thereof. In
alternate embodiments, the hard mask layer may include an
amorphous carbon material, silicon carbide, other suitable
dielectric materials, and/or combinations thereof. The hard
mask layer 422 may be formed by any suitable process, such
as PVD, CVD, PECVD, RTCVD, ALD, MOCVD, other suit-
able processes, and/or combinations thereof. The hard mask
layer 422 may include a single layer or multiple layers. Fur-
ther, the hard mask layer 422 comprise any suitable thickness.
In the present embodiment, the hard mask layer 422 com-
prises a thickness of approximately 200 A.
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[0051] Referring to FIGS. 3 and 4B, atstep 310, at least one
gate structure is formed over the semiconductor substrate
410. In the present embodiments, a first gate structure 430 is
formed within the active/NMOS region 411A, and a second
gate structure 431 is formed within the active/PMOS region
411B. The gate structures 430, 431 include gate stacks having
interfacial dielectric layer 414, high-k dielectric layer 416,
diffusion barrier/protection layer 418, capping layer 420, and
hard mask layer 422; gate spacer liner 432; and gate spacers
434.

[0052] The first gate structure 430 and the second gate
structure 431 may be formed by any suitable process. For
example, the gate structures 430, 431 may be formed by
conventional deposition, photolithography patterning, and
etching processes, and/or combinations thereof. The deposi-
tion processes may include PVD, CVD, ALD, sputtering,
plating, other suitable methods, and/or combinations thereof.
The photolithography patterning processes may include pho-
toresist coating (e.g., spin-on coating), soft baking, mask
aligning, exposure, post-exposure baking, developing the
photoresist, rinsing, drying (e.g., hard baking), other suitable
processes, and/or combinations thereof. The photolithogra-
phy exposing process may also be implemented or replaced
by other proper methods such as maskless photolithography,
electron-beam writing, ion-beam writing, and molecular
imprint. The etching processes may include dry etching, wet
etching, and/or other etching methods (e.g., reactive ion etch-
ing). The etching process may also be either purely chemical
(plasma etching), purely physical (ion milling), and/or com-
binations thereof. Itis understood that the gate structures 430,
431 may be formed by any combination of the processes
described above.

[0053] Inone example, for patterning the gate stacks of the
gate structures 430, 431 having interfacial dielectric layer
414, high-k dielectric layer 416, diffusion barrier/protection
layer 418, capping layer 420, and hard mask layer 422, alayer
of photoresist is formed over the hard mask layer 422 by a
suitable process, such as spin-on coating, and then patterned
to form a patterned photoresist feature by a proper lithogra-
phy patterning method. The pattern of the photoresist can
then be transferred by a dry etching process to the underlying
layers (i.e., the interfacial dielectric layer 414, the high-k
dielectric layer 416, the diffusion barrier/protection layer
418, the capping layer 420, and the hard mask layer 422) to
form the gate stacks as shown in FIG. 4B. The photoresist
layer may be stripped thereafter. It is understood that the
above examples do not limit the processing steps that may be
utilized to form the metal gate stacks 430, 431.

[0054] The gate structures 430, 431 further include gate
spacer liner 432 and gate spacers 434. The gate spacer liner
432 may comprise any suitable material and be formed by any
suitable process. In the present embodiment, the gate spacer
liner 432 comprises a spacer oxide. In alternate embodiments,
the gate spacer liner 432 may be omitted entirely. Still, in
other embodiments, the gate spacer liner 432 may comprise
multiple layers.

[0055] The gate spacers 434, which are positioned on each
side of the gate stacks of gate structures 430, 431 may com-
prise a dielectric material such as silicon nitride, silicon
oxide, silicon carbide, silicon oxynitride, other suitable mate-
rials, or combinations thereof. In some embodiments, the gate
spacers 434 may comprise a multilayer structure. The spacers
434 may be formed by depositing the dielectric material by
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CVD, ALD, PVD, and/or other suitable processes and then
etching. In the present embodiment, the spacers 434 comprise
silicon nitride.

[0056] The semiconductor device 400 may further com-
prise doped regions 436. Doped regions 436 may be formed in
the substrate 410 located proximate to each end of the gate
structures 430, 431 (high-k gate dielectric and metal gate
electrode), respectively, and may comprise various doping
profiles. The doped regions 436 may be doped heavily or
lightly and n-type or p-type. In alternate embodiments, the
doped regions may be formed directly on the semiconductor
substrate, in a P-well structure, in a N-well structure, in a
dual-well structure, or using a raised structure. The doped
regions 436 are formed by any suitable process, such as ion
implantation and/or a rapid thermal process (RTP) to activate
the doped regions. In some embodiments, the doped regions
436 may be formed by a plurality of ion implantation pro-
cesses, such as lightly doped drain (LDD) implant processes
and source/drain (S/D) implant processes.

[0057] Insome embodiments, a silicide may be formed in
the doped regions 436. The silicide may also be formed in the
gate structures 430, 431. The silicide may comprise materials
such as nickel silicide (NiSi), nickel-platinum silicide
(NiPtSi), nickel-platinum-germanium silicide (NiPtGeSi),
nickel-germanium silicide (NiGeSi), ytterbium silicide
(YbSi), platinum silicide (PtSi), iridium silicide (IrSi),
erbium silicide (ErSi), cobalt silicide (CoSi), other suitable
materials, and/or combinations thereof. The materials uti-
lized to create the silicide may be deposited using PVD such
as sputtering and evaporation; plating; CVD such as plasma
enhanced CVD (PECVD), atmospheric pressure CVD
(APCVD), low pressure CVD (LPCVD), high density plasma
CVD (HDPCVD) and atomic layer CVD (ALCVD); other
suitable deposition processes; and/or combinations thereof.
After deposition, the salicidation process may continue with
a reaction between the deposited material and the doped
regions at an elevated temperature that is selected based on
the specific material or materials. This is also referred to as
annealing, which may include a RTP. The reacted silicide may
require a one step RTP or multiple step RTPs. In the present
embodiment, the doped regions 436 include nickel silicide
regions.

[0058] Referring to FIGS. 3 and 4C, the hard mask layer
422 disposed over the capping layer 420 of gate structures
430, 431 is removed. The hard mask layer 422 may be
removed by any suitable process. For example, removing the
hard mask layer 422 may include forming a photoresist layer
over the semiconductor device 400; patterning the photoresist
layer by a conventional photolithography process; and etch-
ing the photoresist layer to remove the hard mask layer 422.
Subsequently, the photoresist layer may be removed. In the
present embodiment, an interlevel dielectric layer (ILD) 438
is formed over the semiconductor device 400 by any suitable
process, such as CVD, HDPCVD, spin-on, sputtering, other
suitable methods, and/or combinations thereof. The ILD
layer 438 may comprise any suitable material, such as silicon
oxide, silicon oxynitride, low-k material, and/or other suit-
able materials. As illustrated in FIG. 4C, a chemical mechani-
cal polish (CMP) of the ILD 438 is performed until the hard
mask layer 422 is exposed, and then an etching process, such
as dry and/or wet etching, is performed to remove the hard
mask layer 422.

[0059] After the hard mask layer 422 is removed, the cap-
ping layer 420 may be removed from the gate structures 430,
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431 by any suitable process, such as an etching process. The
capping layer 420 may be removed from gate structures 430,
431 simultaneously or independently. Referring to FIGS. 3
and 4D, at step 312, a portion of the first gate structure 430 is
removed to form a first metal gate having a first work function
in the first gate structure 430. Referring to FIGS. 3 and 4E, at
step 314, a portion of the second gate structure 431 is removed
to form a second metal gate having a second work function in
the second gate structure 431.

[0060] In the present embodiment, the portion removed
from the gate structures 430, 431 is the capping layer 420. The
first metal gate may be formed where the capping layer 420 in
the gate structure 430 has been removed, and the second metal
gate may be formed where the capping layer 420 in the gate
structure 431 has been removed. The first metal gate includ-
ing a first metal region 440 having a first work function and a
bulk metal region 441 is formed in the first gate structure 430.
The second metal gate including a second metal region 442
having a second work function and a bulk metal region 443 is
formed in the second gate structure 431. It is understood that
the capping layer 420 may be removed from the gate struc-
tures 430, 431 in any order, and the example herein does not
limit the capping layer 420 removal process. It is further
understood that the metal gates may be formed utilizing any
suitable process.

[0061] As noted above, conventional metal layers utilized
in metal gate structures comprise metal, metal carbide, and/or
metal nitride, which materials provide insufficient work func-
tion values and insufficient thermal stability. The present
embodiment provides first metal region 440 and second metal
region 442 with correct work function values and better ther-
mal stability. Such improved work function values and ther-
mal stability is achieved by the metal regions 440, 442 com-
prising a DCO. The DCO may comprise SnO,, In,O, ZnO,
CdO, and/or combinations thereof; SnO, doped with Sb, F,
As, Nb, Ta, and/or combinations thereof; In,O; doped with
Zn, Ge, Mo, F, Ti, Zr, Hf, Nb, Ta, W, Te, Ga, Mg, Sn, and/or
combinations thereof; ZnO doped with Al, Ga, B, In, Y, Sc, F,
V, Si, Ge, Ti, Zr, Hf, and/or combinations thereof; CdO doped
with In, Sn, and/or combinations thereof, CdSb,04 doped
withY; other suitable materials; and/or combinations thereof
(e.g., ZnO doped with SnO,; ZnO doped with In,O;, ZnO
doped with In,O; doped with SnO,). The DCO may comprise
a TCO, which may include SnO,, In,O;, ZnO, CdO, and/or
combinations thereof. Further, Table 1 above provides DCOs
that are well-suited for obtaining desirable p-type work func-
tions, n-type work functions, and mid-gap work functions.
Accordingly, utilizing DCO materials for metal regions 440,
442 provides optimal tuning of the work functions of the
varying compositions of metal layers. In the present embodi-
ment, the first metal region 440 having the first work function
in the active/NMOS region 411A comprises a n-type work
function material, AZO, which includes ZnO doped with Al;
and the second metal region 442 having a second work func-
tion in the active/PMOS region 411B comprises a p-type
work function material, ZZO, which includes ZnO doped
with Zr. In some embodiments, the first metal region 440 and
the second metal region 442 may each have a thickness
between about 20 A and about 1,000 A. In some embodi-
ments, the first metal region 440 and the second metal region
442 may each comprise a thickness of about 200 A. In some
embodiments, the metal regions 440, 442 may both comprise
a p-type work function material, wherein each metal layer
comprises a similar or different work function value. In alter-
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nate embodiments, the metal regions 440, 442 may both
comprise an n-type work function material or a mid-gap work
function material, wherein each metal layer comprises mate-
rial with similar or different work function values.

[0062] The metal regions 440, 442 may be formed by any
suitable process. For example, the metal layers 440, 442 may
be formed by conventional deposition, photolithography pat-
terning, and etching processes, and/or combinations thereof.
The deposition processes may include PVD, CVD, ALD,
sputtering, plating, other suitable methods, and/or combina-
tions thereof. The photolithography patterning processes may
include photoresist coating (e.g., spin-on coating), soft bak-
ing, mask aligning, exposure, post-exposure baking, devel-
oping the photoresist, rinsing, drying (e.g., hard baking),
other suitable processes, and/or combinations thereof. The
photolithography exposing process may also be implemented
or replaced by other proper methods such as maskless pho-
tolithography, electron-beam writing, ion-beam writing, and
molecular imprint. The etching processes may include dry
etching, wet etching, and/or other etching methods (e.g., reac-
tive ion etching). The etching process may also be either
purely chemical (plasma etching), purely physical (ion mill-
ing), and/or combinations thereof. It is understood that the
metal layers 440, 442 may be formed by any combination of
the processes described above.

[0063] Bulk metal regions 441, 443 are formed over the
metal regions 440, 442. The bulk metal regions 441, 443 may
be formed by any suitable processes, such as deposition,
photolithography, and etching processes, and/or combina-
tions thereof. In the present embodiment, the bulk metal
regions 441, 443 comprise aluminum deposited by CVD,
followed by a CMP. In alternate embodiments, the bulk metal
regions 441, 443 may comprise any suitable material, such as
copper, tungsten, titanium, tantulum, titanium nitride, tanta-
lum nitride, nickel silicide, cobalt silicide; other proper con-
ductive materials; and combinations thereof. Further, in some
embodiments, the bulk metal regions 441, 443 may not com-
prise identical materials. It is understood that the semicon-
ductor device 400 may undergo further CMOS or MOS tech-
nology processing to form various features known in the art.
In still another example, various contacts/vias and multilayer
interconnect features (e.g., metal layers and interlayer dielec-
trics) may be formed on the substrate 410 and configured to
connect the various features or structures of the semiconduc-
tor device 400.

[0064] FIG. 5 is a flow chart of one embodiment of the
method 500 for making the semiconductor device 600. FIGS.
6A-6G are various cross-sectional views of the semiconduc-
tor device 600 according to one embodiment, in portion or
entirety, during various fabrication stages of the method 500.
The method 500 provides for making the semiconductor
device 600 in a gate-last process. Referring to FIGS. 5 and
6A, the method 500 begins at step 502 wherein a semicon-
ductor substrate 610 including active regions 611A, 611B and
atleast one isolation region 612 is provided, and an interfacial
dielectric layer 614 is formed over the semiconductor sub-
strate 610.

[0065] The semiconductor substrate 610 may comprise an
elementary semiconductor including silicon or germanium in
crystal, polycrystalline, or an amorphous structure; a com-
pound semiconductor including silicon carbide, gallium
arsenic, gallium phosphide, indium phosphide, indium ars-
enide, and indium antimonide; an alloy semiconductor
including SiGe, GaAsP, AllnAs, AlGaAs, GalnAs, GalnP,
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and GalnAsP; any other suitable material; and/or combina-
tions thereof. In one embodiment, the alloy semiconductor
substrate may have a gradient SiGe feature in which the Siand
Ge composition change from one ratio at one location to
another ratio at another location of the gradient SiGe feature.
In another embodiment, the alloy SiGe is formed over a
silicon substrate. In another embodiment, a SiGe substrate is
strained. Furthermore, the semiconductor substrate may be a
semiconductor on insulator, such as a silicon on insulator
(SOI), or a thin film transistor (TFT). In some examples, the
semiconductor substrate may include a doped epi layer or a
buried layer. In other examples, the compound semiconduc-
tor substrate may have a multilayer structure, or the silicon
substrate may include a multilayer compound semiconductor
structure. In the present embodiment, the semiconductor sub-
strate 610 comprises silicon, germanium, group III-V mate-
rials, or group II-VI materials.

[0066] Semiconductor substrate 610 may include various
doping configurations depending on design requirements as
known in the art. In some embodiments, the semiconductor
substrate 610 may include doped regions. The doped regions
may be doped with p-type or n-type dopants. For example, the
doped regions may be doped with p-type dopants, such as
boron or BF,; n-type dopants, such as phosphorus or arsenic;
and/or combinations thereof. The doped regions may be
formed directly on the semiconductor substrate, in a P-well
structure, in a N-well structure, in a dual-well structure, or
using a raised structure.

[0067] The semiconductor substrate 610 includes active
regions 611A, 611B. In the present embodiment, the active
region 611 A may be configured for an NMOS, and the active
region 611B may be configured for a PMOS. It is understood
that the semiconductor device 600 may be formed by CMOS
technology processing, and thus some processes are not
described in detail herein.

[0068] The at least one isolation region 612 may be formed
on the semiconductor substrate 610 to isolate active regions
611A, 611B of the semiconductor substrate 610, and in the
present embodiment, to isolate the NMOS and PMOS tran-
sistor device regions. The isolation region 612 may utilize
isolation technology, such as LOCOS or STI, to define and
electrically isolate the various active regions 611A, 611B. In
the present embodiment, the isolation region 612 includes a
STI. The isolation region 612 may comprise silicon oxide,
silicon nitride, silicon oxynitride, fluoride-doped silicate
glass, a low-K dielectric material, other suitable materials,
and/or combinations thereof. The isolation region 612, and in
the present embodiment, the STI, may be formed by any
suitable process.

[0069] The semiconductor device 600 may further include
the interfacial dielectric layer 614 formed over the substrate
610. The interfacial dielectric layer 614 may be formed by
any suitable process and any suitable thickness. For example,
in the present embodiment, the interfacial dielectric layer 614
may include a grown SiO, layer having a thickness of
approximately 4 A. The interfacial layer 614 may further
comprises SION. In some embodiments, before the interfa-
cial dielectric layer 614 is grown over the substrate 610, a
HF-last pre-gate clean (e.g., utilizing an HF solution) and UV
process may be performed. In some embodiments, the inter-
facial layer 614 may be formed by rapid thermal oxidation.
Further, in some embodiments, the interfacial layer 614 may
be omitted entirely.
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[0070] The method 500 proceeds to step 504 where a cap-
ping layer 616 is formed over the interfacial dielectric layer
614. The capping layer 616 may comprise polycrystalline
silicon; silicon-containing materials; germanium-containing
materials; metal, such as aluminum, copper, tungsten, tita-
nium, tantulum, titanium nitride, tantalum nitride, nickel sili-
cide, cobalt silicide; other proper conductive materials; and/
or combinations thereof. In the present embodiment, the
capping layer 616 comprises polysilicon having a thickness
between about 200 A and about 1,000 A, preferably about 600
A. In some embodiments, the capping layer 616 may include
metal (e.g., an aluminum-based, tungsten, or copper mate-
rial), which may be used in a gate last-process and comprise
athickness between about 50 A and about 1,000 A, preferably
about 200 A. In alternate embodiments, the capping layer 616
may comprise any suitable thickness. The capping layer 616
may be formed by CVD, PVD, ALD, thermal oxide, plating,
other suitable processes, and/or combinations thereof. In
some embodiments, the capping layer 616 comprises alumi-
num and/or tungsten. In alternate embodiments, the capping
layer 616 may comprise multilayer structures.

[0071] At step 506, a hard mask layer 618 is formed over
the capping layer 616. In the present embodiment, the hard
mask layer 618 comprises a nitrogen-containing material,
such as silicon nitride, silicon oxynitride, other suitable nitro-
gen-containing materials, and/or combinations thereof. In
alternate embodiments, the hard mask layer may include an
amorphous carbon material, silicon carbide, other suitable
dielectric materials, and/or combinations thereof. The hard
mask layer 618 may be formed by any suitable process, such
as PVD, CVD, PECVD, RTCVD, ALD, MOCVD, other suit-
able processes, and/or combinations thereof. The hard mask
layer 618 may include a single layer or multiple layers. Fur-
ther, the hard mask layer 618 comprises any suitable thick-
ness. In the present embodiment, the hard mask layer 618
comprises a thickness of approximately 200 A.

[0072] Referring to FIGS. 5 and 6B, atstep 508, at least one
gate structure is formed over the semiconductor substrate
610. In the present embodiment, a first gate structure 620 is
formed within the active/NMOS region 611A, and a second
gate structure 621 is formed within the active/PMOS region
611B. The gate structures 620, 621 include gate stacks having
interfacial dielectric layer 614, capping layer 616, and hard
mask layer 618; gate spacer liner 624; and gate spacers 626.
[0073] The first gate structure 620 and the second gate
structure 621 may be formed by any suitable process. For
example, the gate structures 620, 621 may be formed by
conventional deposition, photolithography patterning, and
etching processes, and/or combinations thereof. The deposi-
tion processes may include PVD, CVD, ALD, sputtering,
plating, other suitable methods, and/or combinations thereof.
The photolithography patterning processes may include pho-
toresist coating (e.g., spin-on coating), soft baking, mask
aligning, exposure, post-exposure baking, developing the
photoresist, rinsing, drying (e.g., hard baking), other suitable
processes, and/or combinations thereof. The photolithogra-
phy exposing process may also be implemented or replaced
by other proper methods such as maskless photolithography,
electron-beam writing, ion-beam writing, and molecular
imprint. The etching processes may include dry etching, wet
etching, and/or other etching methods (e.g., reactive ion etch-
ing). The etching process may also be either purely chemical
(plasma etching), purely physical (ion milling), and/or com-
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binations thereof. Itis understood that the gate structures 620,
621 may be formed by any combination of the processes
described above.

[0074] Inone example, for patterning the gate stacks of the
gate structures 620, 621 having interfacial dielectric layer
614, capping layer 616, and hard mask layer 618, a layer of
photoresist is formed over the hard mask layer 618 by a
suitable process, such as spin-on coating, and then patterned
to form a patterned photoresist feature by a proper lithogra-
phy patterning method. The pattern of the photoresist can
then be transferred by a dry etching process to the underlying
layers (i.e., the interfacial dielectric layer 614, the capping
layer 616, and the hard mask layer 618) to form the gate stacks
as shown in FIG. 6B. The photoresist layer may be stripped
thereafter. It is understood that the above examples do not
limit the processing steps that may be utilized to form the
metal gate stacks 620, 621.

[0075] The gate structures 620, 621 further include gate
spacer liner 624 and gate spacers 626. The gate spacer liner
624 may comprise any suitable material and be formed by any
suitable process. In the present embodiment, the gate spacer
liner 624 comprises a spacer oxide. In alternate embodiments,
the gate spacer liner 624 may be omitted entirely. Still, in
other embodiments, the gate spacer liner 624 may comprise
multiple layers.

[0076] The gate spacers 626, which are positioned on each
side of the gate stacks of gate structures 620, 621 may com-
prise a dielectric material such as silicon nitride, silicon
oxide, silicon carbide, silicon oxynitride, other suitable mate-
rials, or combinations thereof. In some embodiments, the gate
spacers 626 may comprise a multilayer structure. The spacers
626 may be formed by depositing the dielectric material by
CVD, ALD, PVD, and/or other suitable processes and then
etching. In the present embodiment, the spacers 626 comprise
silicon nitride.

[0077] The semiconductor device 600 may further com-
prise doped regions 628. Doped regions 628 may be formed in
the substrate 610 located proximate to each end of the gate
structures 620, 621 (high-k gate dielectric and metal gate
electrode), respectively, and may comprise various doping
profiles. The doped regions 628 may be doped heavily or
lightly and n-type or p-type. In alternate embodiments, the
doped regions may be formed directly on the semiconductor
substrate, in a P-well structure, in a N-well structure, in a
dual-well structure, or using a raised structure. The doped
regions 628 are formed by any suitable process, such as ion
implantation and/or a rapid thermal process to activate the
doped regions. In some embodiments, the doped regions 628
may be formed by a plurality of ion implantation processes,
such as LDD implant processes and S/D implant processes.

[0078] In some embodiments, a silicide may be formed in
the doped regions 628. The silicide may also be formed in the
gate structures 620, 621. The silicide may comprise materials
such as NiSi, NiPtSi, NiPtGeSi, NiGeSi, YbSi, PtSi, IrSi,
ErSi, CoSi, other suitable materials, and/or combinations
thereof. The materials utilized to create the silicide may be
deposited using PVD such as sputtering and evaporation;
plating; CVD such as PECVD, APCVD, LPCVD, HDPCVD,
and ALCVD; other suitable deposition processes; and/or
combinations thereof. After deposition, the salicidation pro-
cess may continue with a reaction between the deposited
material and the doped regions at an elevated temperature that
is selected based on the specific material or materials. This is
also referred to as annealing, which may include a RTP. The
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reacted silicide may require a one step RTP or multiple step
RTPs. In the present embodiment, the doped regions 628
include nickel silicide regions.

[0079] In the present embodiment, an interlevel dielectric
layer (ILD) 630 is formed over the semiconductor device 600
by any suitable process, such as CVD, HDPCVD, spin-on,
sputtering, other suitable methods, and/or combinations
thereof. The ILD layer 630 may comprise any suitable mate-
rial, such as silicon oxide, silicon oxynitride, low-k material,
and/or other suitable materials. In one example, a CMP of the
ILD 630 may be performed until the hard mask layer 618 is
exposed as illustrated in FIG. 6B.

[0080] Referringto FIGS. 5and 6C, atstep 510, aportion of
the first gate structure 620 and the second gate structure 621
is removed. The portion may be removed by any suitable
process. In the present embodiment, the hard mask layer 618
and the capping layer 616 of gate structures 620, 621 are
removed as illustrated in FIG. 6C. The hard mask layer 618
and capping layer 616 may be removed by any suitable pro-
cess. For example, removing the hard mask layer 618 and
capping layer 616 may include forming a photoresist layer
over the semiconductor device 600; patterning the photoresist
layer by a conventional photolithography process; and etch-
ing the photoresist layer to remove the hard mask layer 618
and capping layer 616. Subsequently, the photoresist layer
may be removed. It is understood that the capping layer 616
and hard mask layer 618 may be removed from gate structures
620, 621 simultaneously or independently. It is further under-
stood that, in some embodiments, the interfacial dielectric
layer 614 may also be removed from the gate structures 620,
621 along with the capping layer 616 and the hard mask layer
618. The removed capping layer 616 and hard mask layer 618
(and in some embodiments, the removed interfacial dielectric
layer 614) create an opening within each of the gate structures
620, 621.

[0081] Referring to FIGS. 5 and 6D-6G, at step 512, a first
metal gate having a first work function is formed in the first
gate structure 620, and a second metal gate having a second
work function is formed in the second gate structure 621. In
some embodiments, an interfacial dielectric layer may be
formed over the substrate 610 and/or over the openings of the
gate structures 620, 621. For example, if at step 510 or in
previous processing, the interfacial dielectric layer 614 is
removed from gate structures 620, 621, a second interfacial
layer may be deposited over the substrate 610 and/or open-
ings of the gate structures 620, 621. The interfacial dielectric
layer (e.g., the second interfacial layer) may be formed by any
suitable process and any suitable thickness. The interfacial
layer may include a grown silicon oxide SiO, layer having a
thickness of approximately 4 A. The interfacial layer may
further comprise SiON. In some embodiments, before the
interfacial dielectric layer is grown over the substrate 610, a
HF-last pre-gate clean (e.g., utilizing an HF solution) and UV
process may be performed. In some embodiments, the inter-
facial layer may be formed by rapid thermal oxidation. Fur-
ther, in some embodiments, the interfacial layer may be omit-
ted entirely.

[0082] A high-k dielectric layer 632 is formed over semi-
conductor device 600, particularly the openings of the gate
structure 620, 621 as shown in FIG. 6D. In the present
embodiment, the high-k dielectric layer 632 is also formed
over the interfacial dielectric layer 614. In some embodi-
ments, if the interfacial dielectric layer 614 has been removed
as discussed above, the high-k dielectric layer 632 may be
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formed over the second interfacial dielectric layer and/or
other interfacial dielectric layer. The high-k dielectric layer
632 may include HfO,. In the present embodiment, the high-k
dielectric layer 632 includes hafnium oxide having a thick-
ness of approximately 20 A. Alternatively, the high-k dielec-
tric layer 632 may optionally include other high-k dielectric
materials such as HfSiO, HfSiON, HfTaO, HfTiO, HfZrO,
other suitable high-k dielectric materials, and/or combina-
tions thereof. The high-k material may further be selected
from metal oxides, metal nitrides, metal silicates, transition
metal-oxides, transition metal-nitrides, transition metal-sili-
cates, oxynitrides of metals, metal aluminates, zirconium sili-
cate, zirconium aluminate, silicon oxide, silicon nitride, sili-
con oxynitride, zirconium oxide, titanium oxide, aluminum
oxide, hafnium dioxide-alumina alloy, other suitable materi-
als, and/or combinations thereof. The high-k dielectric layer
632 may be formed by any suitable process, such as ALD,
CVD, PVD,RPCVD, PECVD, MOCVD, sputtering, plating,
other suitable processes, and/or combinations thereof.

[0083] In some embodiments, a diffusion barrier/protec-
tion layer 634 is formed over the high-k dielectric layer 634.
The diffusion barrier/protection layer 634 may comprise tita-
nium, titanium nitride, tantalum, tantalum nitride, other suit-
able material, and/or combinations thereof. In the present
embodiment, the diffusion barrier layer 634 comprises TiN,
which s deposited by PVD to athickness of approximately 20
A In alternate embodiments, the diffusion barrier/protection
layer may be formed by any suitable process, such as CVD,
PVD, ALD, thermal oxide, plating, and/or combinations
thereof. Further, in alternate embodiments, the diffusion bar-
rier/protection layer 634 comprises any suitable thickness. It
is understood that the diffusion barrier/protection layer 634
may be omitted for alternate embodiments.

[0084] Referring to FIG. 6F, the first metal gate having the
first work function is formed in the first gate structure 620 by
forming a first metal layer 636 over the semiconductor device
600 in the active/NMOS region 611A. In the present embodi-
ment, the first metal layer 636 is formed over the diffusion
barrier/protection layer 634. Referring to FIG. 6F, the second
metal gate having the second work function is formed in the
second gate structure 621 by forming a second metal layer
638 over the semiconductor device 600 in the active/PMOS
region 611B. In the present embodiment, the second metal
layer 638 is formed over the diffusion barrier/protection layer
634.

[0085] The present embodiment provides first metal layer
636 and second metal layer 638 with correct work function
values and better thermal stability. Such improved work func-
tion values and thermal stability is achieved by the metal
layers 636, 638 comprising a DCO. The DCO may comprise
Sn0O,, In,0;, ZnO, CdO, and/or combinations thereof, SnO,
doped with Sb, F, As, Nb, Ta, and/or combinations thereof;
In,0; doped with Zn, Ge, Mo, F, Ti, Zr, Hf, Nb, Ta, W, Te, Ga,
Mg, Sn, and/or combinations thereof; ZnO doped with Al,
Ga, B, In,Y, Sc, E, V, Si, Ge, Ti, Zr, Hf, and/or combinations
thereof; CdO doped with In, Sn, and/or combinations thereof;,
CdSb,04 doped with Y; other suitable materials; and/or com-
binations thereof (e.g., ZnO doped with SnO,; ZnO doped
with In,0;, ZnO doped with In,0; doped with SnO,). The
DCO may comprise a TCO, which may include SnO,, In, Oy,
Zn0O, CdO, and/or combinations thereof. Further, Table 1
above provides DCOs that are well-suited for obtaining desir-
able p-type work functions, n-type work functions, and mid-
gap work functions. Accordingly, utilizing DCO materials for



US 2010/0052066 Al

metal layers 636, 638 provides optimal tuning of the work
functions of the varying compositions of metal layers. In the
present embodiment, the first metal layer 636 having the first
work function in the active/NMOS region 611A comprises a
n-type work function material, AZO, which includes ZnO
doped with Al; and the second metal layer 638 having the
second work function in the active/PMOS region 611B com-
prises a p-type work function material, ZZO, which includes
ZnO doped with Zr. In some embodiments, the first metal
layer 636 and the second metal layer 638 may each have a
thickness between about 20 A and about 1,000 A. In some
embodiments, the first metal layer 636 and the second metal
layer 638 comprise a thickness about 200 A. In some embodi-
ments, the metal layers 636, 638 may both comprise a p-type
work function material, wherein each metal layer comprises a
similar or different work function value. In alternate embodi-
ments, the metal layers 636, 638 may both comprise an n-type
work function material or a mid-gap work function material,
wherein each metal layer comprises material with similar or
different work function values.

[0086] The metal layers 636, 638 may be formed by any
suitable process. For example, the metal layers 636, 638 may
be formed by conventional deposition, photolithography pat-
terning, and etching processes, and/or combinations thereof.
The deposition processes may include PVD, CVD, ALD,
sputtering, plating, other suitable methods, and/or combina-
tions thereof. The photolithography patterning processes may
include photoresist coating (e.g., spin-on coating), soft bak-
ing, mask aligning, exposure, post-exposure baking, devel-
oping the photoresist, rinsing, drying (e.g., hard baking),
other suitable processes, and/or combinations thereof. The
photolithography exposing process may also be implemented
or replaced by other proper methods such as maskless pho-
tolithography, electron-beam writing, ion-beam writing, and
molecular imprint. The etching processes may include dry
etching, wet etching, and/or other etching methods (e.g., reac-
tive ion etching). The etching process may also be either
purely chemical (plasma etching), purely physical (ion mill-
ing), and/or combinations thereof. It is understood that the
metal layers 636, 638 may be formed by any combination of
the processes described above.

[0087] Bulk metal regions 640, 642 are formed over the
metal layers 636, 638 as shown in FIG. 6G. The bulk metal
regions 640, 642 may be formed by any suitable processes,
such as deposition, photolithography, and etching processes,
and/or combinations thereof. In the present embodiment, the
bulk metal regions 640, 642 comprise aluminum deposited by
CVD, followed by a CMP. In alternate embodiments, the bulk
metal regions 640, 642 may comprise any suitable material,
such as copper, tungsten, titanium, tantulum, titanium nitride,
tantalum nitride, nickel silicide, cobalt silicide; other proper
conductive materials; and combinations thereof. Further, in
some embodiments, the bulk metal regions 640, 642 may
comprise different materials. It is understood that the semi-
conductor device 600 may undergo further CMOS or MOS
technology processing to form various features known in the
art. In still another example, various contacts/vias and multi-
layer interconnect features (e.g., metal layers and interlayer
dielectrics) may be formed on the substrate 610 and config-
ured to connect the various features or structures of the semi-
conductor device 600.

[0088] FIG. 7 is a flow chart of one embodiment of the
method 700 for making the semiconductor device 800. FIGS.
8A-8D are various cross-sectional views of the semiconduc-
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tor device 800 according to one embodiment, in portion or
entirety, during various fabrication stages of the method 700.
The method 700 provides for making the semiconductor
device 800 in a gate-last process. Referring to FIGS. 7 and
8A, the method 700 begins at step 702 wherein a semicon-
ductor substrate 810 including active regions 811A, 811B and
atleast one isolation region 812 is provided, and an interfacial
dielectric layer 814 is formed over the semiconductor sub-
strate 810.

[0089] The semiconductor substrate 810 may comprise an
elementary semiconductor including silicon or germanium in
crystal, polycrystalline, or an amorphous structure; a com-
pound semiconductor including silicon carbide, gallium
arsenic, gallium phosphide, indium phosphide, indium ars-
enide, and indium antimonide; an alloy semiconductor
including SiGe, GaAsP, AllnAs, AlGaAs, GalnAs, GalnP,
and GalnAsP; any other suitable material; and/or combina-
tions thereof. In one embodiment, the alloy semiconductor
substrate may have a gradient SiGe feature in which the Siand
Ge composition change from one ratio at one location to
another ratio at another location of the gradient SiGe feature.
In another embodiment, the alloy SiGe is formed over a
silicon substrate. In another embodiment, a SiGe substrate is
strained. Furthermore, the semiconductor substrate may be a
semiconductor on insulator, such as a silicon on insulator
(SOI), or a thin film transistor (TFT). In some examples, the
semiconductor substrate may include a doped epi layer or a
buried layer. In other examples, the compound semiconduc-
tor substrate may have a multilayer structure, or the silicon
substrate may include a multilayer compound semiconductor
structure. In the present embodiment, the semiconductor sub-
strate 810 comprises silicon, germanium, a group I1I-V mate-
rial, or a group I1-VI material.

[0090] Semiconductor substrate 810 may include various
doping configurations depending on design requirements as
known in the art. In some embodiments, the semiconductor
substrate 810 may include doped regions. The doped regions
may be doped with p-type or n-type dopants. For example, the
doped regions may be doped with p-type dopants, such as
boron or BF,; n-type dopants, such as phosphorus or arsenic;
and/or combinations thereof. The doped regions may be
formed directly on the semiconductor substrate, in a P-well
structure, in a N-well structure, in a dual-well structure, or
using a raised structure.

[0091] The semiconductor substrate 810 includes active
regions 811A, 811B. In the present embodiment, the active
region 811 A may be configured for an NMOS, and the active
region 811B may be configured for a PMOS. It is understood
that the semiconductor device 800 may be formed by CMOS
technology processing, and thus some processes are not
described in detail herein.

[0092] The at least one isolation region 812 may be formed
on the semiconductor substrate 810 to isolate active regions
811A, 811B of the semiconductor substrate 810, and in the
present embodiment, to isolate the NMOS and PMOS tran-
sistor device regions. The isolation region 812 may utilize
isolation technology, such as LOCOS or STI, to define and
electrically isolate the various active regions 811A, 811B. In
the present embodiment, the isolation region 812 includes a
STI. The isolation region 812 may comprise silicon oxide,
silicon nitride, silicon oxynitride, fluoride-doped silicate
glass, a low-K dielectric material, other suitable materials,
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and/or combinations thereof. The isolation region 812, and in
the present embodiment, the STI, may be formed by any
suitable process.

[0093] The semiconductor device 800 further includes the
interfacial dielectric layer 814 formed over the substrate 810.
The interfacial dielectric layer 814 may be formed by any
suitable process and any suitable thickness. For example, in
the present embodiment, the interfacial dielectric layer 814
may include a grown SiO, layer having a thickness of
approximately 4 A. The interfacial layer 814 may further
comprise SION. In some embodiments, before the interfacial
dielectric layer 814 is grown over the substrate 810, a HF-last
pre-gate clean (e.g., utilizing an HF solution) and UV process
may be performed. In some embodiments, the interfacial
layer 814 may be formed by rapid thermal oxidation. Further,
in some embodiments, the interfacial layer 814 may be omit-
ted entirely.

[0094] The method 700 proceeds to step 704 where a cap-
ping layer 816 is formed over the interfacial dielectric layer
814. The capping layer 816 may comprise polycrystalline
silicon; silicon-containing materials; germanium-containing
materials; metal, such as aluminum, copper, tungsten, tita-
nium, tantulum, titanium nitride, tantalum nitride, nickel sili-
cide, cobalt silicide; other proper conductive materials; and
combinations thereof. In the present embodiment, the cap-
ping layer 816 comprises polysilicon having a thickness
between about 200 A and about 1,000 A, preferably about 600
A. In some embodiments, the capping layer 816 may include
metal (e.g., an aluminum-based, tungsten, or copper mate-
rial), which may be used in a gate last-process and comprise
athickness between about 50 A and about 1,000 A, preferably
about 200 A. In alternate embodiments, the capping layer 816
may comprise any suitable thickness. The capping layer 816
may be formed by CVD, PVD, ALD, thermal oxide, plating,
other suitable processes, and/or combinations thereof. In
some embodiments, the capping layer 816 comprises alumi-
num and/or tungsten. In alternate embodiments, the capping
layer 816 may comprise multilayer structures.

[0095] At step 706, a hard mask layer 818 is formed over
the capping layer 816. In the present embodiment, the hard
mask layer 818 comprises a nitrogen-containing material,
such as silicon nitride, silicon oxynitride, other suitable nitro-
gen-containing materials, and/or combinations thereof. In
alternate embodiments, the hard mask layer may include an
amorphous carbon material, silicon carbide, other suitable
dielectric materials, and/or combinations thereof. The hard
mask layer 818 may be formed by any suitable process, such
as PVD, CVD, PECVD, RTCVD, ALD, MOCVD, other suit-
able processes, and/or combinations thereof. The hard mask
layer 818 may include a single layer or multiple layers. Fur-
ther, the hard mask layer 818 comprise any suitable thickness.
In the present embodiment, the hard mask layer 818 com-
prises a thickness of approximately 200 A.

[0096] Referring to FIGS.7 and 8B, atstep 708, at least one
gate structure is formed over the semiconductor substrate
810. In the present embodiment, a first gate structure 820 is
formed within the active/NMOS region 811A, and a second
gate structure 821 is formed within the active/PMOS region
811B. The gate structures 820, 821 include gate stacks having
interfacial dielectric layer 814, capping layer 816, and hard
mask layer 818; gate spacer liner 824; and gate spacers 826.
[0097] The first gate structure 820 and the second gate
structure 821 may be formed by any suitable process. For
example, the gate structures 820, 821 may be formed by
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conventional deposition, photolithography patterning, and
etching processes, and/or combinations thereof. The deposi-
tion processes may include PVD, CVD, ALD, sputtering,
plating, other suitable methods, and/or combinations thereof.
The photolithography patterning processes may include pho-
toresist coating (e.g., spin-on coating), soft baking, mask
aligning, exposure, post-exposure baking, developing the
photoresist, rinsing, drying (e.g., hard baking), other suitable
processes, and/or combinations thereof. The photolithogra-
phy exposing process may also be implemented or replaced
by other proper methods such as maskless photolithography,
electron-beam writing, ion-beam writing, and molecular
imprint. The etching processes may include dry etching, wet
etching, and/or other etching methods (e.g., reactive ion etch-
ing). The etching process may also be either purely chemical
(plasma etching), purely physical (ion milling), and/or com-
binations thereof. Itis understood that the gate structures 820,
821 may be formed by any combination of the processes
described above.

[0098] Inone example, for patterning the gate stacks of the
gate structures 820, 821 having interfacial dielectric layer
814, capping layer 816, and hard mask layer 818, a layer of
photoresist is formed over the hard mask layer 818 by a
suitable process, such as spin-on coating, and then patterned
to form a patterned photoresist feature by a proper lithogra-
phy patterning method. The pattern of the photoresist can
then be transferred by a dry etching process to the underlying
layers (i.e., the interfacial dielectric layer 814, the capping
layer 816, and the hard mask layer 818) to form the gate stacks
as shown in FIG. 8B. The photoresist layer may be stripped
thereafter. It is understood that the above examples do not
limit the processing steps that may be utilized to form the
metal gate stacks 820, 821.

[0099] The gate structures 820, 821 further include gate
spacer liner 824 and gate spacers 826. The gate spacer liner
824 may comprise any suitable material and be formed by any
suitable process. In the present embodiment, the gate spacer
liner 824 comprises a spacer oxide. In alternate embodiments,
the gate spacer liner 824 may be omitted entirely. Still, in
other embodiments, the gate spacer liner 824 may comprise
multiple layers.

[0100] The gate spacers 826, which are positioned on each
side of the gate stacks of gate structures 820, 821 may com-
prise a dielectric material such as silicon nitride, silicon
oxide, silicon carbide, silicon oxynitride, other suitable mate-
rials, or combinations thereof. In some embodiments, the gate
spacers 826 may comprise a multilayer structure. The spacers
826 may be formed by depositing the dielectric material by
CVD, ALD, PVD, and/or other suitable processes and then
etching. In the present embodiment, the spacers 826 comprise
silicon nitride.

[0101] The semiconductor device 800 may further com-
prise doped regions 828. Doped regions 828 may be formed in
the substrate 810 located proximate to each end of the gate
structures 820, 821 (high-k gate dielectric and metal gate
electrode), respectively, and may comprise various doping
profiles. The doped regions 828 may be doped heavily or
lightly and n-type or p-type. In alternate embodiments, the
doped regions may be formed directly on the semiconductor
substrate, in a P-well structure, in a N-well structure, in a
dual-well structure, or using a raised structure. The doped
regions 828 are formed by any suitable process, such as ion
implantation and/or a rapid thermal process to activate the
doped regions. In some embodiments, the doped regions 828
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may be formed by a plurality of ion implantation processes,
such as LDD implant processes and S/D implant processes.

[0102] In some embodiments, a silicide may be formed in
the doped regions 828. The silicide may also be formed in the
gate structures 820, 821. The silicide may comprise materials
such as NiSi, NiPtSi, NiPtGeSi, NiGeSi, YbSi, PtSi, IrSi,
ErSi, CoSi, other suitable materials, and/or combinations
thereof. The materials utilized to create the silicide may be
deposited using PVD such as sputtering and evaporation;
plating; CVD such as PECVD, APCVD, LPCVD, HDPCVD,
and ALCVD; other suitable deposition processes; and/or
combinations thereof. After deposition, the salicidation pro-
cess may continue with a reaction between the deposited
material and the doped regions at an elevated temperature that
is selected based on the specific material or materials. This is
also referred to as annealing, which may include a RTP. The
reacted silicide may require a one step RTP or multiple step
RTPs. In the present embodiment, the doped regions 828
include nickel silicide regions.

[0103] In the present embodiment, an interlevel dielectric
layer (ILD) 830 is formed over the semiconductor device 800
by any suitable process, such as CVD, HDPCVD, spin-on,
sputtering, other suitable methods, and/or combinations
thereof. The ILD layer 830 may comprise any suitable mate-
rial, such as silicon oxide, silicon oxynitride, low-k material,
and/or other suitable materials. In one example, a CMP of the
ILD 830 may be performed until the hard mask layer 818 is
exposed as illustrated in FIG. 8B.

[0104] Referring to FIGS. 7 and 8C-8D, at step 710, a
portion of the first gate structure 820 is removed; at step 712,
a first metal gate having a first work function is formed in the
first gate structure 820; at step 714, a portion of the second
gate structure 821 is removed; and at step 716, a second metal
gate having a second work function is formed in the second
gate structure 821. In the present embodiment, the first metal
gate of the first gate structure 820 and the second metal gate
of the second gate structure 821 are separately formed and
processed. For simplicity, the processes used to form the first
metal gate and the second metal gate are discussed together.
[0105] Removing the portions of the first gate structure 820
and the second gate structure 821, in steps 710 and 714, may
be accomplished by any suitable process. In the present
embodiment, the hard mask layer 818 and the capping layer
816 of gate structures 820, 821 is removed by any suitable
process. For example, removing the hard mask layer 818 and
capping layer 816 may include forming a photoresist layer
over the semiconductor device 800; patterning the photoresist
layer by a conventional photolithography process; and etch-
ing the photoresist layer to remove the hard mask layer 818
and capping layer 816. Subsequently, the photoresist layer
may be removed. [t is understood that, in some embodiments,
the interfacial dielectric layer 814 may also be removed from
the gate structures 820, 821 along with the capping layer 816
and the hard mask layer 818. The removed capping layer 816
and hard mask layer 818 (and in some embodiments, the
removed interfacial dielectric layer 814) create an opening
within each of the gate structures 820, 821.

[0106] In steps 712 and 716, the first metal gate having a
first work function in the first gate structure 820 and the
second metal gate having a second work function in the
second gate structure 821 may be formed by any suitable
process. In some embodiments, an interfacial dielectric layer
may be formed over the substrate 810 and/or over the open-
ings of the gate structures 820, 821. For example, if at step
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710, 714, or in previous processing, the interfacial dielectric
layer 814 is removed from gate structures 820, 821, a second
interfacial layer may be deposited over the substrate 810
and/or openings of the gate structures 820, 821. The interfa-
cial dielectric layer (e.g., the second interfacial dielectric
layer) may be formed by any suitable process and any suitable
thickness. For example, in the present embodiment, the inter-
facial layer may include a grown silicon oxide SiO, layer
having a thickness of approximately 4 A. The interfacial layer
may further comprise SiON. In some embodiments, before
the interfacial dielectric layer is grown over the substrate 810,
a HF-last pre-gate clean (e.g., utilizing an HF solution) and
UV process may be performed. In some embodiments, the
interfacial layer may be formed by rapid thermal oxidation.
Further, in some embodiments, the interfacial layer may be
omitted entirely.

[0107] A high-k dielectric layer 832 is formed over semi-
conductor device 800, particularly the openings of the gate
structures 820, 821 as shown in FIGS. 8C, 8D. In the present
embodiment, the high-k dielectric layer 832 is also formed
over the interfacial dielectric layer 814. In some embodi-
ments, if the interfacial dielectric layer 814 has been removed
as discussed above, the high-k dielectric layer 832 may be
formed over the second interfacial dielectric layer and/or
other interfacial dielectric layer. The high-k dielectric layer
832 may include HfO,. In the present embodiment, the high-k
dielectric layer 832 includes hafnium oxide having a thick-
ness of approximately 20 A. Alternatively, the high-k dielec-
tric layer 832 may optionally include other high-k dielectric
materials such as HfSiO, HfSiON, HfTaO, HfTiO, HfZrO,
other suitable high-k dielectric materials, and/or combina-
tions thereof. The high-k material may further be selected
from metal oxides, metal nitrides, metal silicates, transition
metal-oxides, transition metal-nitrides, transition metal-sili-
cates, oxynitrides of metals, metal aluminates, zirconium sili-
cate, zirconium aluminate, silicon oxide, silicon nitride, sili-
con oxynitride, zirconium oxide, titanium oxide, aluminum
oxide, hafnium dioxide-alumina alloy, other suitable materi-
als, and/or combinations thereof. The high-k dielectric layer
832 may be formed by any suitable process, such as ALD,
CVD, PVD,RPCVD, PECVD, MOCVD, sputtering, plating,
other suitable processes, and/or combinations thereof. In
some embodiments, a diffusion barrier/protection layer may
be formed over the high-k dielectric layer 832, similar to the
diffusion barrier/protection layers discussed above.

[0108] Referring to FIG. 8C, the first metal gate having the
first work function is formed in the first gate structure 820 by
forming a first metal layer 836 over the semiconductor device
800 in the active/NMOS region 811A. In the present embodi-
ment, the first metal layer 836 is formed over the high-k
dielectric layer 832. Referring to FIG. 8D, the second metal
gate having the second work function is formed in the second
gate structure 821 by forming a second metal layer 838 over
the semiconductor device 800 in the active/PMOS region
811B. In the present embodiment, the second metal layer 838
is formed over the high-k dielectric layer 832.

[0109] The present embodiment provides first metal layer
836 and second metal layer 838 with correct work function
values and better thermal stability. Such improved work func-
tion values and thermal stability is achieved by the metal
layers 836, 838 comprising a DCO. The DCO may comprise
Sn0,, In,0;, ZnO, CdO, and/or combinations thereof; SnO,
doped with Sb, F, As, Nb, Ta, and/or combinations thereof;
In, O, doped with Zn, Ge, Mo, F, Ti, Zr, Hf, Nb, Ta, W, Te, Ga,
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Mg, Sn, and/or combinations thereof; ZnO doped with Al,
Ga, B, In, Y, Sc, E, V, Si, Ge, Ti, Zr, Hf, and/or combinations
thereof; CdO doped with In, Sn, and/or combinations thereof;,
CdSb,04 doped with Y; other suitable materials; and/or com-
binations thereof (e.g., ZnO doped with SnO,; ZnO doped
with In,0;, ZnO doped with In,O; doped with SnO,). The
DCO may comprise a TCO, which may include SnO,, In,Oj,
Zn0O, CdO, and/or combinations thereof. Further, Table 1
above provides DCOs that are well-suited for obtaining desir-
able p-type work functions, n-type work functions, and mid-
gap work functions. Accordingly, utilizing DCO materials for
metal layers 836, 838 provides optimal tuning of the work
functions of the varying compositions of metal layers. In the
present embodiment, the first metal layer 836 having the first
work function in the active/NMOS region 811A comprises a
n-type work function material, AZO, which includes ZnO
doped with Al; and the second metal layer 838 having the
second work function in the active/PMOS region 811B com-
prises a p-type work function material, ZZO, which includes
ZnO doped with Zr. In some embodiments, the first metal
layer 836 and the second metal layer 838 may each have a
thickness between about 20 A and about 1,000 A. In some
embodiments, the first metal layer 836 and the second metal
layer 838 comprise a thickness of about 200 A. In some
embodiments, the metal layers 836, 838 may both comprise a
p-type work function material, wherein each metal layer com-
prises a similar or different work function value. In alternate
embodiments, the metal layers 836, 838 may both comprise
an n-type work function material or a mid-gap work function
material, wherein each metal layer comprises material with
similar or different work function values.

[0110] The metal layers 836, 838 may be formed by any
suitable process. For example, the metal layers 836, 838 may
be formed by conventional deposition, photolithography pat-
terning, and etching processes, and/or combinations thereof.
The deposition processes may include PVD, CVD, ALD,
sputtering, plating, other suitable methods, and/or combina-
tions thereof. The photolithography patterning processes may
include photoresist coating (e.g., spin-on coating), soft bak-
ing, mask aligning, exposure, post-exposure baking, devel-
oping the photoresist, rinsing, drying (e.g., hard baking),
other suitable processes, and/or combinations thereof. The
photolithography exposing process may also be implemented
or replaced by other proper methods such as maskless pho-
tolithography, electron-beam writing, ion-beam writing, and
molecular imprint. The etching processes may include dry
etching, wet etching, and/or other etching methods (e.g., reac-
tive ion etching). The etching process may also be either
purely chemical (plasma etching), purely physical (ion mill-
ing), and/or combinations thereof. It is understood that the
metal layers 836, 838 may be formed by any combination of
the processes described above.

[0111] Bulk metal regions 840, 842 are formed over the
metal layers 836, 838. The bulk metal regions 840, 842 may
be formed by any suitable processes, such as deposition,
photolithography, and etching processes, and/or combina-
tions thereof. In the present embodiment, the bulk metal
regions 840, 842 comprise aluminum deposited by CVD,
followed by a CMP. In alternate embodiments, the bulk metal
regions 840, 842 may comprise any suitable material, such as
copper, tungsten, titanium, tantulum, titanium nitride, tanta-
lum nitride, nickel silicide, cobalt silicide; other proper con-
ductive materials; and combinations thereof. Further, in some
embodiments, the bulk metal regions 840, 842 may comprise
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different materials. It is understood that the semiconductor
device 800 may undergo further CMOS or MOS technology
processing to form various features known in the art. In still
another example, various contacts/vias and multilayer inter-
connect features (e.g., metal layers and interlayer dielectrics)
may be formed on the substrate 810 and configured to connect
the various features or structures of the semiconductor device
800.

[0112] The foregoing outlines features of several embodi-
ments so that those skilled in the art may better understand the
aspects of the present disclosure. Those skilled in the art
should appreciate that they may readily use the present dis-
closure as a basis for designing or modifying other processes
and structures for carrying out the same purposes and/or
achieving the same advantages of the embodiments intro-
duced herein. Those skilled in the art should also realize that
such equivalent constructions do not depart from the spirit
and scope of the present disclosure, and that they may make
various changes, substitutions, and alterations herein without
departing from the spirit and scope of the present disclosure.

What is claimed is:

1. A semiconductor device providing improved work func-
tion values, the semiconductor device comprising:

a semiconductor substrate;

an interfacial dielectric layer over the semiconductor sub-

strate;

a high-k gate dielectric layer over the interfacial dielectric

layer; and

a doped-conducting metal oxide layer over the high-k gate

dielectric layer.

2. The semiconductor device of claim 1 further comprising
a capping layer over the doped-conducting metal oxide layer.

3. The semiconductor device of claim 2, wherein the cap-
ping layer comprises aluminum, tungsten, and/or combina-
tions thereof.

4. The semiconductor device of claim 1 further comprising
a diffusion barrier layer over the high-k gate dielectric layer.

5. The semiconductor device of claim 1 further comprising
a diffusion barrier layer over the doped-conducting metal
oxide layer.

6. The semiconductor device of claim 1, wherein the
doped-conducting metal oxide comprises SnO,; In,O5; ZnO;
CdO; SnO, doped with Sb, F, As, Nb, and/or Ta; In,O, doped
with Zn, Ge, Mo, F, Ti, Zr, Hf, Nb, Ta, W, Te, Ga, and/or Mg;
ZnO doped with Al, Ga, B, In, Y, Sc, F, V, Si, Ge, Ti, Zr, and/or
Hf; CdO doped with In and/or Sn; CdSb,0, doped with Y;
and/or combinations thereof.

7. The semiconductor device of claim 1, wherein the
doped-conducting metal oxide comprises a transparent con-
ducting oxide.

8. The semiconductor device of claim 7, wherein the trans-
parent conducting oxide comprises SnO,, In,0;, ZnO, CdO,
and/or combinations thereof.

9. The semiconductor device of claim 1, wherein the inter-
facial dielectric layer includes a thickness of about 4 ang-
stroms.

10. The semiconductor device of claim 1, wherein the
doped-conducting metal oxide layer includes a thickness
between about 20 angstroms and about 1,000 angstroms.

11. The semiconductor device of claim 2, wherein the
capping layer comprises polysilicon and a thickness between
about 200 angstroms and about 1,000 angstroms.

12. The semiconductor device of claim 11, wherein the
capping layer comprises a thickness of about 600 angstroms.
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13. The semiconductor device of claim 2, wherein the
capping layer comprises a metal and a thickness between
about 50 angstroms and about 1,000 angstroms.

14. The semiconductor device of claim 13 wherein the
capping layer comprises a thickness of about 200 angstroms.

15. A semiconductor device comprising:

a semiconductor substrate having a first active region and a
second active region;

a first transistor formed in the first active region, the first
transistor having a high-k gate dielectric and a first metal
gate having a first work function;

a second transistor formed in the second active region, the
second transistor having the high-k gate dielectric and a
second metal gate having a second work function;

wherein the first metal gate and the second metal gate
comprise a doped-conducting metal oxide.

16. The semiconductor device of claim 15, wherein the
doped-conducting metal oxide comprises SnO,; In,O5; ZnO;
CdO; SnO, doped with Sb, F, As, Nb, and/or Ta; In,O; doped
with Zn, Ge, Mo, F, Ti, Zr, Hf, Nb, Ta, W, Te, Ga, and/or Mg;
ZnO doped with Al, Ga, B, In,Y, Sc, F, V, Si, Ge, Ti, Zr, and/or
Hf; CdO doped with In and/or Sn; CdSb,0O, doped with Y;
and/or combinations thereof.

17. A method for fabricating a semiconductor device, the
method comprising:

providing a semiconductor substrate having a first active
region and a second active region;

forming a high-k dielectric layer over the semiconductor
substrate;

forming a first metal layer over the high-k dielectric layer
in the first active region, the first metal layer having a
first work function, and wherein the first metal layer
comprises a first doped-conducting metal oxide;

forming a second metal layer over the high-k dielectric
layer in the second active region, the second metal layer
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having a second work function, and wherein the second
metal layer comprises a second doped-conducting metal
oxide; and

forming a first gate stack in the first active region and a

second gate stack in the second active region.

18. The method of claim 17, wherein the first work function
includes an n-type work function and the second work func-
tion includes a p-type work function.

19. The method of claim 17 further comprising:

forming an interfacial layer between the semiconductor

substrate and the high-k dielectric layer; and

forming a capping layer over the first metal layer and the

second metal layer.

20. A method for fabricating a semiconductor device, the
method comprising:

providing a semiconductor substrate having a first active

region and a second active region;

forming a high-k dielectric layer over the semiconductor

substrate;

forming a capping layer over the high-k dielectric layer;

forming a first gate structure in the first active region and a

second gate structure in the second active region;
removing the capping layer from the first gate structure;
forming a first metal layer in the first gate structure, the first
metal layer having a first work function, and wherein the
first metal layer comprises a doped-conducting metal
oxide;

removing the capping layer from the second gate structure;

forming a second metal layer in the second gate structure,

the second metal layer having a second work function,
and wherein the second metal layer comprises a doped-
conducting metal oxide; and

forming a bulk metal region in the first gate structure over

the first metal layer and a bulk metal region in the second
gate structure over the second metal layer.
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