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Transistor Device and Method of Manufacture Thereof

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001]. This application relates to the following co-pending and commonly assigned patent
application: Serial No. 10/870,616, filed on June 17, 2004, entitled, “CMOS Transistor With
‘Dual High-k Gate Dielectric and Method of Manufacture Thereof,” which application is hereby

incorporated herein by reference.

' TECHNICAL FIELD

[0002] The present invention relates generally to semiconductor devices, and more

particularly structures for and methods of manufacturing transistors.

 BACKGROUND

[0003] Semiconductor devices are used in a variety of electronic applications, such as
personal condputers, cell phones, digital cameras, and other electronic equipment, as examples.
Semiconductor devices are typically fabricated by sequentially depositing insulating (or
dielectric) layers, conductive layers, and semiconductive layers.of material over a semiconductor

substrate, and patterning the various layers using lithography to form circuit components and

elements thereon.

[0004] A transistor is an element that is utilized extensively in-semiconductor devices.
There may be millions of transistors on a single integrated circuit (IC), for example. A common
type of transistor used in semiconductor device fabrication is a metal oxide semiconductor field

effect transistor (MOSFET).
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[0005] Early MOSFET processes used one type of doping to create either positive or
negative channel fransistors. More recent designs, referred to as complimentary MOS (CMOS)‘
devices, use both pOsitivé and negative channel devices, e.g., a positive channel metal oxide
semiconductor (PMOS) transistor and a negative channel metal oxide semiconductor (NMOS) '
transistor, in complimentary configurations. An NMOS device negatively charges so that thé
transistor is turned on or off by the movement of electrons, whereas a PMOS devices involves
the movement of electron vacancies. While the manufacture of CMOS devices requires more
manufacturing steps and more transistors, CMOS devices are advantageous because they utilize

less power, and the devices may be made smaller and faster.

[0006] The gate dielectric for MOSFET devices has in the p‘ast typically comprised silicon
dioxide, which has a dielectric constant of about 3.9. However, as devices are scaled down in
size, using silicon dioxide for a gate dielectric becomes a problem because of gate leakage
current, which can degrade device ‘pérfonnance. Therefore; there is a't‘rend m the industry -
towards the development of the use of high dielectric constant (k) materials for use as the gate
dielectric in MOSFET devices. The term “high k materials” as used herein refers to a dielectric

material having a dielectric constant of about 4.0 or greater.

[06007] High k gate dielectric development has been identified as one of the future

challenges in the 2002 edition of International Technology Roadmap for Semiconductors (ITRS),
incorporated herein by,reference, which identifies the technological ch‘allénges and needs facing _‘ ‘
the semiconductor industry over th'eknext 15 years. Forlow p@wer logic (for portable electronic
applications, for example), it is important to usé devices having low leakage current, in order to

' e);tend battery er. Gate leakage current must be controlled in low power applications, as well as

sub-threshold leakage, junction leakage, and band-to-band tunneling.

2-
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[0008] However, one problem with using high k materials as gate dielectric materials is
lower mobility, which is undesirable. Device performance using high k dielectric materials tends
to suffer from trapped charge in the dielectric layer, which deteriorates the mobility, making the
drive current lower than in transistors having silicon dioxide gate oxides, thus reducing the speed

and performance of transistors having high k gate dielectric materials.

. [0009]  Polysilicon is most often used as a gate material in transistor devices. Another
problem of usin'g high k materials as a ga‘te dielectric is that if polysilicon is used as a gate
material in conj unction with a high k gate dielectric, poly (polys‘ﬂicon) depletion can occur
between the gate dielectric and the gate. When a CMOS device is operated in an inversion
méde; poly depletion causes an increase in the electrical equivalent gate ‘oxide., e.g., by about 4 to
5 Angstroms. It is desirable for the gate capacitance to be relatively high for increased gate

control. However, poly depletion decreases the capacitance and lowers the drive current of the

© CMOS device, which is undesirable.

[0010] What is needed in the art is a transistor design thét does not suffer from the poly

depletion effect.

[0011)] Another probler'n' with using a high-k dielectric material as the gate dielectric of a
CMOS transistor is referred to in the art as a "Fermi-pinning" effect, which occurs at the
interface of the gate electrode and gate dielectric material. Fermi-pinning is a problem that
‘occurs in CMOS de'vi-cevs having both polysilicon and metal gates. The Fermi-pinning effect
causes a threshold yoltage shift and-l'owimobﬂity; (iue to the increased chairgé caused by the
Fermi-pinning effect. Fermi-pinning causes an assymmetric turn-on threshold voltage V. for the

two transistors of a CMOS device, which is undesirable.
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[0012] In prior art CMOS transistor designs, shown in Figure 20, typically SiO, was used as
a gate dielectric material 580, and polysilicon was used as a gate electrode material 582 and 584.
A symmetric threshold voltage Vi forthe PMOS device and the NMOS device of a prior art
CMOS device 500 was easily achieved using SiO; as a gate dielectric material 580. The
manufacturing steps typically comprised providing a workpiece 502,.a;1d forming an n well and
p well in the PMOS region and NMOS region, respectively. In some designs, isolation regions
508 were formed between the n well and-p well. The gate dielectric 580 was formed over the’
workpiece 5 02, and the gate electrode material 582/584 comprising a layer of polysilicon was
formed évér the gate dielectric 580. The gate electrodes 582 and 584 and gate dielectric 580 ‘
§vere patterned, and the workpiece 502 was lightly doped to form source and drain extensions
507. Spacers 534 were formed over the sidewalls of the gate electrodes 5 82’ and 584 and gate
dielectric 580: The Wo-rkpieoe 502 was then more deeply implanted With dopants to fo’nﬁ the
sourée and drain regions S and D of the device 500. For tﬁe‘ PMOS device, fhe gate electrocie |
582 was p type, which was achieved by doping the polysilicon gate With boron (B). For the
NMOS device, the gate electrode 5 84 ‘was n type, which was typibally achieved by doping the

polysilicon gate with phosphorus (P) or arsenic (As), as examples.

[0013] In electronics, the “work function” is the energy, usually measured in electron volts,
needed to remove an électron from the Fermi level to a point an infinite distance away outside
the surface. Work function is a material property of any material, whether the material is a
conductor, semicoﬁductor, or dielectric. The work function of a semiconductor can be changed
by doping the semiconductor material. For example, undoped polysilicon has a work function of .

~ about 4.5 eV, whereas polysilicon doped with boron has a work function of about 5.0 eV. The
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work function of a semiconductor or conductor directly affects the threshold voltage of a

transistor when the material is used as a gate electrode.

[06014] In prior art CMOS dev'ices such as device 500 shown in Figure 20 utilizing Sibz or
SiON as the gate dielectric material 580, the work function of the CMOS device 500 could be
changed or tuned bif doping the polysilicon used for the gate electrode material 582/584.
However, high-k gate dielectric materiéls such as hafnium-based dieléc_tric materials exhibit
Fermi-pinning, which is caused by the interaction of the high-k gate dielectric materials with
adjacent materials, e.g,, the gate material. When used as a gate dielectric, high k gate dielectric
materials pin or fix the work function, so that doping the polysilicon gate material does.not
change the wotk function. Thus, a symmetric V, for thg: NMOS and PMOS transistors of a
CMOS device haying a high k matexiél for the gate dielectric cannot be achieve.d by doping
polysilicon gate mateﬁal, as in Si0; gate dielectric CMOS devices. A CMOS device having a
| “highk dielectric- material for the NMOS énd PMOS transistors.has ‘an as.ym'metri'c Vi and Vi,
due to the Fermi-pinning effect of the high k dielectric material. Efforts have been made to

improve the Quality of high-k dielectric films and resolve the FénniQpinning problems, but the

efforts have resulted in little success.

' [0015‘]" - Thus, what is needed in the art is a CMOS transistor device design and method of
manufacturing thereof that has a high-k g_até dielectric material and a symmetric V. for the p
channel metal oxide semiconductor (PMOS) and n channel metal oxide semiconductor (N MOS)

transistors of the CMOS device, that does not exhibit a polysilicon depletion effect.
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SUMMARY OF THE INVENTION

[6016] These and other problems are generally solved or circumvented, and technical
advantages are generally achievéd, by preferred embodiments of the present invention, which
provide transistors and methods of manufacture thereof having a substantially symmetric
threshold voltage V; for the PMOS and NMOS transistors. The gate material of a PMOS
transistor is doped with an n type dopant, and the gate of an NMOS tranéisto,r is doped withap -
type dopant or n type dopant, in a CMOS device, In some embodiments, a different gate
dielectric material is used for the PMOS transistor than for the NMOS transistor.. Polysilicon
depletion effects are reduced or-avoided By the novel embodiments of the present invention

described herein.

[0017] In accordance with a preferred embodiment of the present invention, a transistor
includes a W§fkpie'ce, the Wdrkpiece havin'é aregion implanted with a first dopant. A gate
dielectric is disposed over the workpiece. A gate is disposed éver the gate dielectric, the gate

~ comprising a semiconductive material and being implanted with the first dopant. A source
region and a drain region are formed in the region of the workpiece, wherein the source region

and the drain region are proximate the gate dielectric.

[0018] In accordance with another preferred embodiment of the present invention, a CMOS
device includes a workpiece and a PMOS .transistor and NMOS trénsistor formed in a first region
and a second region, respectively, of the workpiéce. Tﬁe PMOS transistor ineludes a first gate.
dielectric disposed over the workpiece and a ﬁrst gate dispoéed over the first gate dieiectric. The
first gate comprises a first semiconductive material comprisiné;_ an n type dopant. The NMOS

transistor includes a second gate dielectric disposed over the workpiece and a second gate:
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disposed over the first gate dielectric. The second gate comprises a second semiconductive

material..

[0019] In accordance with yet another preferred embodiment of the present invention, a
method of manufacturing a transistor includes providing a workpiece, impianting a first dopgnt
into the workpiece, and forming a gate dielectric over the workpiece. A gate is formed over the
gate dielectric, the gate comprising a semiconductive material. The rhethod includes implanting

the first dopant into the gate.

[0026], In accordance with another preferred embodiment of the present invention, a method
of manufacturing a CMOS device includes providing a workpiece, forming a PMOS transistor in
a first fegion of the workpiece, and forming an NMOS transistor in‘a second region of the
workpiece. The PMOS transistor comprises a first gate dielectric ‘disposed over the workpiece
and a first gate disposed over the ﬁrst‘ gate dielectric, the first gate comprisiﬁg a first
semiconductive material. The method inclﬁdes implanting an n type dopant into the first
semiconductive material of the first gate. The NMOS transistor includes a second gate dielectric
disposed over the workpiece and a second gate disposed over the second gate dielectric, the

second gate comprising a second semiconductive material. -

- [0021] Advantages of preferred embodiments of the present invention include providing a
method of fabricating a CMOS device anid structure thereof, wﬁeréin the PMOS transistor and
NMOS transistor have a sMeﬁic V. The threshold voltage Vi is decreased compared to prior
art CMOS devices, and the flat band voltage is easier to tune Efnbodiments of the invention
may utilize high-k dielectric materials as the gate dielectric, using polysilicon, par‘tiaﬂ'y silicided,
or fully silicided gate electrodes. Polysilicon depletion and boron penetration effects when the
device is operated in an in‘}ersion mode are prevented, because the semiconductive material of

-
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the gates function in an accumulation regime, due to the presence of the novel reversal of
dopants implanted in the PMOS and NMOS gatés. The capacitance effective thickness (CET) of

a CMOS device can be decreased in accordance with embodiments of the p_fesent invention.

[0022] The foregoing has outlined rather broadly the features and technical advantages of
embodiments of the present invention 1n order that the detailed description of the invention that
follows may be better understood. Additional features and advantages. of embodiments of the
invention will be described hereinafter, which form the subject of the claims of the invention. It
should be appreciated by those skilled in the art that the conception and specific embodiments
disclosed may be readily utilized as a basis for modifying or designing other structures or
processes for carrying out the same purposes of the present invention. It should also be realized
by those skilled in the art that such equivalent constructions do not depaﬁ from the spirit and

scope of the invention as set forth in the appended claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0023] For a more complete understanding of the present invention and the advantages
thereof, reference is now made to the following descriptions taken in conjunction with the

accompanying drawings, in which:

[0024] Figures 1 through 9 show cross-sectional views of a semiconductor device at various
stages of manufacturing in accordance with a preferred embodiment of the present invention,
wherein a CMOS device comprises a PMOS fransistor having a first gate dielectric material and
an NMOS transistor having a second gate dielectric material, wherein the first gate dielectric
material and the second gate dielectric material corﬁprise -diffefenf materials, and wherein the
gate of the PMOS ﬁansi;tor is doped with an n type dopant, and the gate uof the NMOS transistor

is doped with a p type dopant or ann type dopant;

[0025] Figure 10 shows an another preferred embodiment of the present invention, wherein
the PMOS transistor gate dielectric comprises a first layer and a second layer, wherein the
second layer is adjacent and abuts the PMOS transistor gate electrode, and wherein the second

layer comprises a Fermi-pinning material;

[0026] Figurés 11 through 17 show cross-sectional views of methods of f0rming a CMOS
device in accordance with other preferred embodiments of the present invention at various stages

- of manufacturing, wherein the PMOS transistor gate is doped with an-n type'd()pant;

[0027].  .Figures 18 and 19-show cross-sectional views of a method of forming a CMOS-
device in accordance with yet another preferred embodiment of the present invention at various

stages of manufacturing, wherein the PMOS transistor gate is doped with an n type dopant;
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[0028] Figure 20 shows a prior art CMOS device, wherein the gate of the PMOS transistor
is doped with a p type dopant, and the gate of the NMOS transistor is doped with an n type

dopant;

[0029] Figure 21 shows a cross-sectional view of an embodiment of the present invention,
wherein a gate of a PMOS transistor is doped With an 1 type dopant, and the gate of an NMOS

transistor is doped with a p type or n type dopant; and

[0030] Figures 22 and 23 show another embodiment of the present invention, wherein the
source and drain regions are formed by etching back the workpiece after patterning the gate and

gate dielectric material, and filling the source and drain regions in with an in-situ doped material.

[0031] Cerres‘pondiﬁgv numerals and symbols in the different figures generally refer to
corresponding parts unless'othemfise; indicated. The figures are drawn to clearly il_lustrate the

relevant aspects of the preferred embodiments and are not necessarily drawn to scale.

-10-
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0032] The making and using of the presently preferred embodiments are discussed in detail
below. It should be appreciated, however, that the present invention provides many applicable
inventive concepts that can be embodied in a wide variety of specific contexts. The specific
embodiments discussed are merely illustrative of specific ways to make and use the inventiox,

and do not limit the scope of the invention.

[0033] High-k gate dielectrics generally yield orders of magnitude lower gate leakage |

- current than SiO; gate dielectrics with the same effective oxide thickness (EOT). Forlow
standby power (LSTP) and high perfomance (HP) appiications,- the use of a high-k material for a
gate dielectric is a potentiai solution in the roadmap for the ﬁdvanced technology nodes. Using
high-k materials for gate dielectrics in CMOS devices has resulted i’n- good EOT, lower gate
leakage (J), mobility and hysteresis parameters, but the devices suffer from lack of Vi
controllability. In orderto make high-k materials as gate dielectrics useful in CMOS

“applications, it is desirable that the CMOS device should be manufactured such that Vi, and Vi

are symmetrical; e.g., Vi=0.3 V and Vi=-0.3 V, as examples.

[0034] Attempts to use a high-k dielectric material such as HfO, have been problematic. In
particular, attempts have been made fo use HfO,, which is a high-k dielectric material having a
dielectric constant of about 25, as the gate dielectric for both the PMOS and NMOS FETs of a
CMOS device. The work function of a polysilicon gate using a HfO, gate dielectric has been
found to be pinned, as a result of Fenni¥pinning, at a point close to the conduction band of
polysilicon, causing the polysilicon gate to function as n type poiysilicén, even for the

polysilicon gate doped with p type dopant, for the PMOS device. Therefore, the threshold

11-
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voltage Vi, of the PMOS device was found to be much higher than expected; e.g., Vi, was -1.2 'V
while Vi, was 0.4 V, which is very asymmetric. The Fermi-pinning effect is suspected to be
related to the Hf~Si bond at the gate electrode to gate dielectric interface, which is almost
impossible to avoid with a polysilicon-HfO, gate stack structure. Therefore, the Fe,rmﬂpiming .
effect makes the use of polysilicon as'a gafe electrode incompatible with Hf-based high-k gate
dielectric materials in CMOS devices. Fully silicided polysilicon (FUSI) gates have also
exhibited Fermi-pining effects and are undesirable for use as gate electrode materials when a

high-k dielectric such as hafnium is used for a gate dielectric.

[0035] Another problem of prior art CMOS devices is a polysﬂicon depletion effect, which
occurs when the device is operated in the inversion regime; e.g., V>Vy, in the NMOS trangsistor
or V<V, in the PMOS transistor. In the inversion regimes, the gate voltage causes the bottom of
the gate to become depleted of electrons for‘ the NMOS transistor and to beoome depleted of
héles for the PMQ‘S transistor. The depléted r'egioﬁ at the bottom of the gate§ at ihe mtefface' of |
the gates and the gate dielectric materials reduces the total capacitance of the gate stack, and
hence, increases the capacitive effective thickness (CET). As a result, the drive current is

reduced,: which is undesirable.

[0036] Embodiments of the preseﬁt invention derive technical advantages by disposing a
thin layer of a Fermi-pinning material such as Al,O3 adjacent and abutting a gate eiectrode ofa
PMOS device, disposed over a high-k dielectric material such as HfO,, while using a single layer
of high-k dielectric material as the gafe dielectric for the NMOS device. By doing so,
polysilicon or FUSI may be used as the gate elecﬁode while still achieving a symmetric Vy, and
Vi for the CMOS device. In the PMOS portion, a poly‘sﬂic_on to Al,O3 interface sets the work

function in the p-type regime, and in the NMOS portion, a polysilicon to Hf interface sets the

-12-
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work function in the n-type regime. The gate of the PMOS device is preferably doped with ann
type dopant, and the gate of the NMOS device may be doped with a p type or an n type dopant,

to avoid the polysilicon depletion effect,

[0037] Thebpre's-ent invention will be described with respéct to preferred embodiments in a
specific context, namely a CMOS transistor. Eﬁbo'diments of the present invention may also be
applied, however, to other semiconductor device applications where one or more transistors are
utilized. Ernbodiments of the present invention have useful application in single NMOS
transistor or single PMOS transistor designs, for example. Note that in the drawings shown, only
one PMOS device and ohe NMOS device are shown; however, there may be many PMOS and
NMOS devices formed on a semiconductor workpiece during each of the manufactﬁring

processes described herein,

[0038] Figures ‘l.thrm.lgh 9 show cross-sectional views of a semiconductor device 100 at
various stages of manufacturing in accordance with a prefeﬁed embodiment of the present
invention. With reference now to Figure 1, there is shown a semiconductor device 100 in a
cross-sectional view including a workpiece 102. The workpiece 102 may include a
semiconductor substrate compﬂsing silicon or other semiconductor materials covered by an
insulating layer, for example.” The workpiece 102 may also include other active compbnenté or
circuits, not shown. The workpiece 102 may comprise silicon oxide over single-crystal silicon,
for' example. The workpiece 102 may include other conductive Iayeré or other semiconductor
elements, e.g., transistors, diodes; etc. Compound semiconductors, GaAs, InP, Si/Ge, or SiC, as
examples, may be-used in pléce of silicon. The workpiece 102 may also-comprise a silicon-on-

insulator (SOI) substrate.

13-
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[0039] The wotkpiece 102 includes a first region 104 and a second region 106. The first
region 104 comprises a region where a first transistor comprising a PMOS device or PMOSFET,
(indicated by the “P” in the workpiece 102 in the figures) as examples, will be formed. The
second region 106 comprises a region where a second transistor comprising an NMOS device or-
NMOSFET (indicated by the “N” in the workpiece 102 in the figures) will be formed, as
examples. The PMOS device and NMOS‘ device are not shown in Figure 1: see Figures 8 and 9

at 136 and 138, respéctivel-y.

[0040] The first region 104 and the second region 106 may be separated by an optional
shallow trench isolation (STT) 'region 108 formed in the workpiece 102, as shéwn; The first
region 104 may be doped with n type dopants, e.g., to form an N well, and the second region 106 ;
may be doped with p type dopants, e.g., to form a P well. In general, the workpiece 102 is doped
withnorp tjpe dopants depending on Whether the junctions of the trané’istpr to be formed will be

p or n type, respectively.

[0041] The workpiece 102 is preferably cleaned using a pre-gate clean process to remove
contaminants or native oxide from the top surface of the workpiece 102. The pre-gate treatment
‘may comprise a HF, HCI or ozone based cleaning treatment, as examples, although the pre-gate

treatment may alternatively comprise other chemistries.

[0042] A hard mask 112 is depoéited over the workpiece 102, as shown in Figure 2. The
| hard mask 112 preferably compriées a ﬁfst léyer 114 and a second layer 116 disposed over the
first layer 114, as shown. Alternatively, the hard masgk 112 may comprise a single layer of an
oxide or a nitride material, for example: In the embodiment shown in Figure 2, the first 1ay§r
114 of the hard mask 112 preferably comprises about 300 Angstroms of an oxide material such
as tetraethoxysilate (TEOS), although alternatively, the first layer 114 may comprise other

14
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insulating materials deposited in other dimensions, for example. The first layer 114 may be
deposited by plasma-enhanced chemical vapor deposition (PECVD) or by other deposition
techniques, as examples. The second layer 116 preferably comprises about 1500 Angstroms of a
nitride material such as Si,Ny, for example, although alternatively, the second layer _1 16 may
comprise other insulating materials deposited in other dimensions, for»'example. The second

layer 114 may be deposited by PECVD or by other deposition techniques, as examples.

[0043} A first layer of photoresist 118 is deposited over the second layer 116 of the hard
mask 112, as shown in Figure 2. The first layer of photoresist 118 may patterned with a mask
using traditional litho graphy techniques, although alternatively, the first layer of photoresist 118

may be directly patterned using electron beam lithography (EBL) or other direct etching

technique, as examples.

10044} The first layer of photoresist 118 is usc.d to pattern at least the second layer 116 of
the ﬁmd mask 112, as shown in Figure 3. For example, exposed portions of the second layer 116
in-the second region 106 may be e’;ched using the first layer of photoresist 118 remaining over.
the first region 104 as a mask. The etch proceés may be designed to stép when the first layer 114
of the hatd mask 112 is reached. The first layer of photoresist i18 is then stripped or removed,
and the second layer 116 is then used as a mask to pattern the first layer 114. Alternatively, the

. first layer of photoresist 118 may be used as a mask to etch both the secc;nd layer 116 and the

first layer 114 of the hard mask 112, for example. The first layer of photoresist 118 is then

stripped or removed.

[0045] A first gate dielectric material 120 is deposited over the péttemed hard masgk 112 and
exposed portions of the workpiece 102, as shown in Figure 3. The first gate dielectric material
120 preferably comprises a high-k dielectri¢ material having a dielectric constant of about 4.0 or

-15-
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greater, in one embodiment. The first gate dielectric material 120 preferably comprises HfO,,

HfS10%, AlyO3, ZrO,, ZrSiOx, Tay0s, LayOs, nitrides thereof, SigNy, SiON, HfAIO,,

HEAIO N .x.y, ZrAiCx, ZrAlOsNy, SiAlOy, SiAIO:N, .y, HfSIAIO,, HfSiAION;, ZrSiAlO,,
ZrSiAlO4Ny, combinations thereof, or cormbinations thereof with SiO;, as examples, although
alternatively, the first gate,dielec&ic material 120 may comprise other high k insulating materials
or other dielectric materials, The first gate dielectric material 120 may comprise a single 1ayér of
-material, or alternatively, the first gate diel’ectric material 120 may comprise two or mote layers,
In one embodiment, one or more of these materials can be included in the first gate dielectric
material 120 in different combinations or in stacked layers. The first gate dielectric material 120
may be deposited by éhenﬁcal vapor deposition (CVD), atomic layer deﬁositio_n (ALD), metal
organic chemical vapor deposition (MOCVD), physical vapor deposition (PVD), or jetvapor
deposition (J VD.),b as examples,-althoggh alternatively, the first gate dielecnic mateérial 120 may
be depositeci using othér suitable déposiﬁon‘l feéhnidues. T hg first gate &cieétn’c mateﬁal 120 B
preferably comprises a thickness of about 10 A to about 60 A in one embodiment, although (

alternatively, the first gate dielectric material 120 may comprise other dimensions, such as about

80 A or less, as an-example:

[0046] A first gate material 122 is deposited over the first gate dielectric material 120, also
shown in Figure 3. The first gate material 122 preférably comprises a semiconductive material,
such as polysilicon or amorphous silicon, although alternatively, othér semiconductive materials
may be used for the first gate material 122. In the embodiment shown in Figure 1-9, the first
gate material 122 preferably comprises polysilicon or other semiconductor materials.
Alternatively, the first gate material 122 may comprise TiN, HiN, TaN, W, Al, Ru, RuTa,

TaSiN, NiSiy, CoSiy, TiSi;, Ir; Y, Pt, Ti, PtTi, Pd, Re, Rh, borides, phosphides, or antimonides of
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Ti, HY, Zr, TIAIN, Mo, MoN, ZrSiN, ZtN, HfN, HfSiN, WN, Ni, Pr, VN, Tiw, a partially
silicided gate material, a fully silicided gate material (FUSI), other metals, and/or combinations
thereof, as examples. Ifthe gaie material 122 comprises FUS, for example, polysilicon may be
deposited over the gate dielectric material 120, and a metal such as nickel may be deposited over
the polysilicon, although other metals may be used. The workpiece 102 may then be heated to

- about 600 or 700 degrees C to form a single layer of nickel silicide. The first gate material 122
may comprise a plurality of stacked gate materials, such as a metal underlayer with a polysilicon
cap layer disposed over the metal underlayer. The first gate material 122 may be deposited u‘sing
CV_D, PVD, ALD, or other deposition techniques, as examples. The first gate material 122
preferably comprises a thickgess of about 1500 A, although alternatively, the first gate materiél

122 may comprise about 1000 A to about 2000 A, or other dimensions, for example.

[0047] In one émbodiment, at this stage of the manufacturi.ng process, in an optional step, -
the first gate r-n‘ateriél-l-fzz ié implanted with a .dopant'190.- The dopant 190 may cérﬁprise either
an n type dopant or a p type dopant. For example, the first gate material 122 may be n doped by
doping the first gate material 122 with phosphorus or As. Alternatively, in another embodiment,
the first gate material 122 may be p doped by doping the first gate material 122 with B.
Generally, because polysilicon depletion is not as much of a concern in-an NMOS transistor as in
a PMOS transistor of a CMOS device, in accordance with an embodiment of the present
invention; both the PMOS transistor and NMOS ﬁmsistor gates may be doped with an n type

dopant. |

[0048] Doping the first gate material 122 makes the semiconductive material conductive or
more conductive. Preferably, the work functic.mv of the NMOS transistor (see 138 in Figure 9) is

set by the material selection for the- gate dielectric material 120, rather than by the dopant
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implanted into the first gate material 122, in accordance with an embodiment of the present

invention.

[0049] After implanting the dopant 190, an optional hard mask 123 may be deposited over
the first gate material 122. The optional hard mask 123 protects the first gate material 122 from
being implanted with the dopants that are implanted to form the source and drain extension
regions and source and draiﬁ regions, to be described further herein. If the first gate material 122
is doped with an n type dopant, the hard mask 123 -may not be required, because the source and
drain regions of the NMOS device are doped with n type, for example. The hard mask 123 also
may not be dei)osited at this stage of the manufacturing ﬁrocess if the gate materials for the
PMOS transistor and the NMOS transistor are N doped in a single step, as shown in Figure 7.
The hard mask 123 may comﬁrise about 500 A or.lelss of an oxide or nitride material, as
examples. In one embodiment, thg‘-hard mask 123 may comprise abou’c 400 A of TEOS, for

- example.

[0050] Referring again to Figure 3, after the optional steps of implanting a p or n type
dopant into the first gate material 122 and depositing the hard mask 123 over the first gate .
material 122, a second layer of photoresist 124 is deposiﬁed over the optional he}rd mask 123, as
shown in Figure 3, or over the ﬁrét gate material 122, if the hard mask 123 is not used. The
second layer of photoresist 124 may be patterned using a mask, using traditional litho graphy

| techniques to remove the sécond layer of photoresist 1é4 from over the first region 104 of the

workpiece 102, as shown, although altematively, the second layer of photoresist 124 may be

directly patterned.

[0051] The second layer fof photoresist 124 is ysed as a mask to pattern the first gate
material 122, the first gate dielectric material 120 and also.the hard mask 123, if used, and to'
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remove the hard mask 112 from the first region 104 of the Workpiece 102, as shown in Figure 4.
For example, exposed portions of the first gate material 122, first gate dielectric material 120,
and hard mask 112 may be etched away from the first region 104 of the workpiece 102 using the
second layer of photoresist 124 as a mask. The second layer of photoresist 124 is then stripped
or removed from over the second region 106 of the workpiece 102. Any excess first gate
material 122, first gate dielectric material 120, and optional hard mask 123 may be removed:
from over the optional STIregion 108 proximate the interface of the first region 104 and second
region 106 using a chemical-mechanical polish (CMP) process or an etch process, for example,
leaving the structure shown in Figure 4. The exposed surface of the workpiece 102 may be

cleaned using a pre-gate cleéan process.

[0052] Next, a second gate dielectric material 126 is deposited over exposed portions of the
workpiece 102 in the first region 104 and over the patterned first gate material 122 and first gate
dielectric ﬁlla'teriél 120 in the second régioﬁ 106, as shown in Figure 5. The seCoﬁd gate |
dielectric material 126 preferably comprises a different material and/or thickness than the first
gate dielectric material 120 in one embodiment of the present invention. - Altemativély, the
second gate dielectric-material 126 may comprise the same material and/or thicknesé- as the first
gate dielectric material 120, in one embodiment. The second gate dielectric material 126
preferably comprises a high-k dielectric material having a dielectric constant of about 4.0 or
greater, in one embodiment. The second gate dielectric material 126 preferably comprisés HfO,, -
HIfSiOx, Aly03, Z1O,, ZrSiOx, Tay0s, LayOs, nitrides thereof, SigNy, SiON, HfA1O,, HFAIO,N1 ..
v» ZrAlOy, ZrAIO Ny, SiAlO,, SiAleN 1-xy, HESIAIOy, HESIAION,, ZrSiAlO,, ZrSiAIOxNy,

combinations thereof, or combinations thereof with SiO,, as examples, although alternatively,
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the second gate dielectric material 126 may comprise other high k insulating materials or other

dielectric materials.

[0053] The second gate dielectric material 126'may comprise a single layer of material, or
alternatively, the second gate dielectric material 126 may comprise two or more layers, wherein
the top layer comprises a Fermi-pinning material, which will be described further herein with
reference to Figure 10. In one embodiment, one or more of these materials can be included in
the second gate dielectric material 126 in different combinations or in stacked layers. The
second gate dielectric material 126 may be deposited by CVD, ALD, MOCVD), PVD, or JVD, as
examﬁles, although alternatively, the second gate dielectric material 126 may be deposited using
other suitable depoéitipﬁ techniques. The second gate dielectric mateﬂalv 126 preferably
comprises a thickness of about 10 A to about 60 A in one embodiment, although alternatively,
.the second gats dielectric matc—;rial 126 may comprise other dim§nsions, such as about 80 A or
1es.s,’vas an example: The second gate -ci;ielec;(ric materiél 126 p‘re’férably coinpﬁses a‘Fem‘li—l

pinning material such as an aluminum-containing material disposed at the top surface thereof, -

[0054] Next, a second gate material 128 is deposited over the'second gate dielectric material
126, also shown in Figure 5. The second gate material 128 preferably comprises a
semiconductive material, such as polysilicon or amorphous silicon, although alternatively, other
conductive and semiconduétive materials may be used for the second gate material 128, In the

’ embodiment shown in Figures 1-9, the second gate material 128 preferably comprises
polysilicon or other semiconductor materials. AltematiVer, the second gate material 128 may
clompn'se TiN, HiN, TaN, W, Al, Ru, RuTa, TaSiN, NiSi,, CoSiy, TiSiy, Ir, Y, Pt, Ti, 'PtT:i,' Pd,
Ré‘, Rh, borides, phosphides, or anﬁmonides of Ti, Hf, Zr, TiAIN, Mo, MoN, ZrSiN, ZN, HfN,

HfSIN, WN, Ni, Pr, VN, TiW, a-partially silicided gate material, a fully silicided gate material
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(FUSD), other metals, and/or combinations thereof, as examples. The second gate material 128
may comprise a plurality of stacked gate materials, such as a metal underlayer with a polysilicon
cap layer disposed over the metal underlayer. The second gate material 128 may be deposited
using CVD, PVD, ALD, or other deposition techniques, as examples. The second gate material |
128 preferably comprises a thickness of about 1500 A, although alternatively, the second gate
material 128 may comprise about 1000 A to about 2000 A, or other diﬁensiom, for exémple.

The second gate material 128 may comprise the same material as the ﬁrsf gate material 122, or

alternatively, the second gate material 128 may comprise a different material than the first gate

material 122, for example.

[0055] In an optional step, the second gate material 128 may be doped at this point. in the
manufacturing process with an n typé dopant 192, e.g., by doping the second gate material 128
with As ot phosphorous; for egiample. Doping the second gate material 128 makes the

' Asemiconductiv'e méterial conduétivé or more conduc‘tive.- Preferably, the work ‘ﬁmctidn of ﬂl@
PMOS transistor (see 136 in Figure 9) is set by the material selection for the second gate
dielectric material 126, rather than by the dopant implanted into the second gate material 128, in

accordance with an embodiment of the present invention.

[0056] After implanting the dopant 192, an optional hard mask 129 may be deposited over
the second gate material 128, The opﬁonal hard mask 129 protects the second gate material 128.A
from being implanted with the dopants that are implanted to form the sourcé and drain extenéion
regions and.source and drain regions, to be deséribed further herein. The hard mask 129 may not
be d,eposited- at this stage of the manufacturing process if the gate materials fof the PMOS

transistor and the NMOS transistor are n doped in a single step, as shown in Figure 7. The hard
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mask 129 may comprise about 500 A or less of an oxide or nitride material, as examples. In one

embodiment, the hard mask 129 may comprise about 400 A of TEOS, for example.

[0057] After the optional steps of implanting the dopant 192 and forming the hard mask
129, a third layer of photoresist 130 is deposited over the second gate materiai 128, as shown in
Figure 5. The third layer of photoresist 130 may patterned using a mask by traditional -
lithography techniques to remove the third layer of photoresist 130 from the second rjcgioﬁ 106
of the workpiece 102, as shown, although alfematively, the third layer of photoresist 130 may be

directly patterned.

[0058] The third layer of photoresist 130 is then used as a mask to pattern the second gate
material 128, Second""'gate dielectric material 126, and optional hard mask 129, as shown in
Figure ‘6‘. For example, exposed portions of the second gate material 128, second gate dielectric
mgterial 126, and hard mask 129 may be etched away from the second region 106 of the
Workpieqe 102 using the third I‘ayei; of photoresist 130 as a mask. The third layer of photoresist

130 is then stripped or removed from over the first region 104 of the workpiece 102.

[0059] - Any excess second gate material ‘128, second gate dielectric material 126, and
optional hard mask 129 (e.g., as shown at peak 132) may be removed from over the optiorial STI
region 108 proximate the interface of the first region 104 and second region 106 usinga .
chemical-mechanical polish (CMP) process or an etch process, for example (not shown); leaving

the structure shown in Figure 7.

[0060] Preferably using a single lithography step, e.g., using a sihgle layer of photoresist
and using a single mask to pattern the photoresist, the first gate material 120, the first gate
dielectric material 122, the second gate material 126, the second gate dielectric material 128, and

optional hard masks 123 and 129, are simultaneously patterned with a desired pattern for a
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CMOS device, leaving the structure shown in Figure 8, wherein a gate/gate dielectric stack
126/128/129 of a PMOS transistor 136 is formed in the first region 104, and a gate/gate dielectric

stack 120/122/123 of an NMOS transistor 138 is formed in the second region 106.

[0061] Referring again to Figure 7, note that while a.vertical portion 160 of the second gate -
dielectric material 126 formed on the sidewall of the first gate material 122 is left remaining in
the structure shown in Figure 7, this iS not problematic, because portion 160 is etched away or
removed when the first and second gate materials 122 'and 128, and first and second gate

dielectric materials 120 and 126, are patt'emed and etched to form PMOS and NMOS transistors

136 and 138, as shown in Figure 8.

[0062] In one -embodi_men"c, rather than implanting the ﬁrét gate material 122 with a dopant
190 as shown in Figure 3 and implanting the second gate material 128 with a dopant 192 as
shown in Figure 5 using two separate dopant implantation steps, the first gate material 122 and
the second gate material 128 may bevsimul-taneously impianted with a dopant 194, as shown in
Figure 7. Preferablj‘z, the dopant 194 in this embodiment comprises an n type dopant. In this
embodiment, the hard masks 123 and 129 have not been deposited yet, for example. The first
gate material 122 and second gate material 128 may simult»aneously be n doped by doping the

| first gate material 122 and second gate mateﬁal 128 with phosphorous or A§. Then a hard mask
material 123/129 is deposited over the first gate material 122 and the secondvgatematerial 128.
Note that in this embodiment, the hard mask 123/129 may compﬁse a single 1ayér of material,
and the vertical portion 160 of the second gate dielectric material 126 does not reside above the
top surface of the first and second gate materials 122 and 128. The hard mask 123/129 may
comprise about 500 A or less of an oxide or nitride material, as exaniples. In one .embodiment,

the hard mask 129 may comprise about 400 A of TEOS, for example.
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[0063] Again, doping the first gate material 122 and second gate material 128 makes the
semiconductive material conductive or more conductive. Preferably, the work function of the
NMOS transistor 138 and PMOS transistor 136, shown in Figure 8, is set by the material
selection for the gate dielectric materials 120 and 126, rather than by the dopant 194 implanted
into the first gate material 122 and second gate material 128, in accordanée with aﬁ embodiment
of the present invention. In particular; the “effective” work function of the NMOS transistor 138
and the PMOS fransistor 136 are set by Fermi-pinning, by the interaction between the gate
dielectric material 120 and 126 to the gate material 122 and 128, which is a departure from the
bulk work function of the semiconductive mafeﬁal used for the géte materials 122 and 128,

which effects the V..

[0064] Manufacturing of the CMOS device 100 is then continued to complete the
fabrication of the CMQS device 100. For example, the exposed portions of the workpiece 102
may be.lightly dopéd to' form ‘s<-)urcev and drain extensioﬂs 107 in thelwoﬁpiéce 102; as éhown in
Figure 8. For éxamplé, while the second region 106 is masked, p type dopants may be implanted
into the first region 104, and while the fifst région 104 is masked, n type dopants may be
implanted into the second region 106. Spacers 134 comprising an insulating material'such as an
oxide or nitride may be formed on the sidewalls of the gate elecfrode materials 128 and 122, on
the sidewalls of the gate dielectric materials 126 and 120, and on the sidewalls of the hard mask
materials 123 and 129, forming the structure shown in Figure 9. Source and drain regions S1 '
and D1, and S2 and D2 may be formed iﬁ exposed surfaces of thg PMOS transistor 136 and thé
NMOS transistor 138, using a deeper implantation step, respectively. For example, the source
and drain regions S1 and D1 may be doped with p type dopants to forrﬁ p-n-p» junctions in'the N

well of the PMOS transistor 136, while the second region 106 is masked. Likewise, the source
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and drain regions S2 and D2 may be doped with n type dopants to form n-p-n junctions in the P
well of the NMOS transistor 138, while the first region 104 is masked. T he wotrkpiece 102 may
be annealed to drive the dopants into the workpiece 102 and form the sources S§1 and'S2 and

drains D1 and D2, for example.

[0065] If the first gate material 122 is doped with an n dopant, the hard mask 123 may be
removed before implanting the workpiece 102 with an n dopant to form the source and drain

extensions 107 and source and drains S2 and D2, for example.

[0066] After the sources S1 and S2 and drains D1 and D2 are formed, the hard mask
materials 123.and 129 may be removed from over the top surface of the gates G1 and G2 {not
shown in Figure 9; see Figures 10, 17 and 21, as examples). One or more insulating materials -
(not shown) may be deposited over the PMOS transistor 136 and NMOS transistor 138, and
contacts may be formed in the insulating matgrials in order to make electrical contact with tﬁe
gates, sources and/or drains. Additional metallization and insulating layers méy be formed and
patterned over the top surface of the insulating material and contacts. A passivation layer (not
shown) may bé deposited over the insulating layers or the PMOS transistor 136 and NMOS
transistor 138. Bond pads (also not shown) may be formed over contacts, and the semiconductor
device 100 may then be singulated or separated into individual die. The bond pads may be
connected to leads of an integrated circuit package (not shown) ér other die, for example, in’

order to provide electrical contact to the transistors 136 and 138 of the semiconductor device

100.

[0067] Thus, a novel semiconductor CMOS device 100 comprising a PMOS transistor 136
and an NMOS transistor 138 is formed, as shown in Figure 9, wherein the gate dielectric GD1 of
the PMOS transistor 136 comprises a different material and/or thickness than the material of the
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gate dielectric GD2 of the NMOS transistor 138. The gate dielectric GD1 of the PMOS
transistor 136 preferably comprises a Fermi-pinning material abutting the gate G1, The PMOS
transistor 136 includes a source S1 and a drain D1 separated by a first channel region C1. A gate
dielectric GD1 is disposed over the first channel region C1, and a gate G1 is disposed over the
gate.dieiectr_i‘c GDI1. The NMOS transistor 13-8 includes a source S2 and a drain D2 separated by
a channel region C2. A gate dielectric GD2'is disposed over the chémel region C2, and a gate
G2 is disposed over the gate dielectric GD2. A spacer 134 comprising an oxide or nitride, as

examples, may be formed on the sidewalls of the gates G1 and G2, and gate dielectrics GD1 and

GD2, as shown.

[0068] The gate G1 of the PMOS transistor 136 is doped with an n type, dopant, in
accordance with a preferred embodiment of the present invention. The gate G2 -of the NMOS

transistor 138 is preferably doped with either an n or p type dopant.

[0069] The gate and ga‘te dielectric materials for.either the PMOS transistor 136 or the

NMOS transistor 138 may be deposited first, in accordance with embodiments of the present
“invention. For example, in the embodiment described herein with reference to Figures 1 through

9, the NMOS transistor 138 gate dielectric and gate materials are deposited first. Alternatively,

the PMOS transistor 136 gate dielectric and gate materials may be deposited first.

- [0070] Another preferred embodiment of thé present invention is shown in Figure 10. Like
numerals are ﬁsed fof the.Various elements that were descrif)ed in Figures 1 »through 9. To avoid
- repetition, each reference number shown in Figure 10 is not described again in detail hére,in.

| Rather, similar materials x02, x04, 5(06, x08, etc... are preferably used for the various ma£erial
layers shown as were described for F‘igures 1 through 9, where x=1 in Figures 1 through 9 and -
(=0 in Figure 10. As an example, the preferred and alternative materials and dimensions
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described for the first and second gate dielectric materials 120 and 126 (GD2 and GD1,
respectively) in the description for Figures 1 through 9 are preferably also used for the gate

dielectric materials GD1 and GD2 of Figure 10.

[0071] In this embodiment, the PMOS device 236 is shown in the right side of the figure,
e.g., in first region 204, indicated by the “P” in the workpiece 202, and the NMOS device 238 is
shown on thé left side of the figure, e.g., in second region 206, indicated by the “N”in the
workpiece 202 (whereas in Figures 1 through 9, the PMOS device 136 was shown on the left
side, and the NMOS device was on the right 138). The gate dielectric GD1 in this embédiment
may comprise at least twé insulating layers: a first insulating layer 250 and a second insulating
layer 252 disposed over the first insulating layér 250. The first insulating layer 250 preferably
comprises a high-k dielectric material, and.may comprise HfO,, HfSi0x, ZrO,, ZrSiOx, Ta,0s,
La;03, nitrides thereof, Si,Ny, SiON, HfAIOy, HfAIO,N .y, ZrAIO;, ZrAlONy, SiAlO,,

‘SiAllO,;Nl_XA.y, HESIAIO,, HfSiAlOXN}}, ZrSiA],Ox, ZrSiAleNy, combﬁatibns thereof, or |
combinations thereof with Si0,, as examples, although alternatively, the first insulating layer
250 may comprise other high k insulating materials or other dielectric materials. The first
insulating layer 250 preferably comprises a thickness of about 80 Ang_strdms or less, for
example. The second insulating layer 250 preferably comprises about 10 to 6O Angstroms of a
Fermi-pinning material. For example, the second insuiating layer250 preferaﬁly comprises an

" aluminum-containing material such as aluminum oxide (ALOy or AEOg) or nitrides thereof, such -

as AlOyNy.x.y, as examples, although alternatively, the second insulating layer 250 may

cémprlse other materials that induce Fermi-pinning of the ga,te‘ dielectric GD1 to the gate
electrode G1 of the PMOS device 236. The second insulating layer 250 may be deposited or

may be formed by implanting a Fermi-pinnirig material such as aluminum, for example. The
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gate dielectric GD1 may alternatively comprise a single layer, e. g., comprising a Fermi-pinning

material, such as HfAIO,, HFAIO Ny, or Al,0Os.

[0072] This embodiment also shows other optional elements that may be included in the
CMOS device 200, and in the other CMOS Qevices 100, 300, 400, 600 and 700 described herein.
Before forming spacers 234 over the sidewalls of the gate dielectric GD1 and GD2 and gates G1
and G2, an optional thin insulator 248 may be formed over the top surface of the sources S1 and
S2 and drains D1 and D2, the sidewalls of the gate dielectrics GD1 and GD2, and gates G1 and
G2, as shown. The spacers 234 are then formed over the thin insulator 248. The thin insulator
248 may comprise an oxide, and the spacers 234 may comprise a nitride, although alternatively,

othermaterials may be used for the thin insulator 248 aﬁd the spacers 234, for example.

[0073] The sources S1 and S2 or the drains D1 and D2, or the gates G1 and G2, may include
an optional silicide material 244 and 246, respectively, formed at a top surface thereof (often
referred to as a salicide because the formation of the sih;cide may be.self;aligning). The silicide
244 and 246 may comprise about 100 A to 300 A of TiSi,, CoSiy, or NiSiy, although the silicide
244 and-246 may alternatively comprise other materials and thicknesses, as examples. The
sources S1 and S2 and drains D1 and D2 may include lightly doped areas and deeper
implantation regi'_ons, as shown. The gates Gl and G2 may also by fully sﬂi‘cideéi, e.g., by
heating the workpiece 202 to cause the silicide material 244 and 246 to combine with the

underlying gate material, in one embodiment.

[0074] - The novel CMOS device.of emb‘odiments of the present invention described herein
having a PMOS transistor and an-'NMOS transistor that have gate dielectrics comprising different
materials én_d wherein the PMOS transistor gate is doped with an n dopant, may be manufactured
using other methods. Two éxamples of such other methods are shown Figures 11 through 17, .
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through 17, and Figures 18 and 19, respectively, Again, like humerals are used for the various
elements that were descnbed in Figures 1 through 9 and 10, and to avoid repeu’uon gach
reference number shown in Figures 11 through 17, and Figures 18 and 19 is not described again -
in detail herein. Rather, similar materials x02, x04, x06, x08, etc... are preferably used for the
various_ material layers shown as were described for Figures 1 through 9, where x=1 in Figures 1

through 9, x=2 in Figure 10, x=3 in Figures 11 through 17, and x=4 in Figures 18 and 19.

[0075} Figures 11 through 15 and 17 show cross-sectional views of a method of forming a
CMOS device having different gate diclectric materials for the PMOS transistor and NMOS
‘transi’stor in accordance with another preferred embodiment of the present invention at various |
stages of manufactuﬁng. In this embodiment, starting with a workpiece such as 102 shown in
-Figure 1, the second gate dielectric material 326 is deposited over the entire top surface of the
WOI'kplCCC 302. The second gate matenal 328 is then deposited over the entire surface of the
second gate d1electr1<: material 326 as shown in Figure 11. Optlonally, the second gate material
328 may be implanted with an n typg dopant 392 at this point in the manufacturing process, for
example. An optional hard mask 312 may be formed over the second gate material 328, as
shown. The second gate material 328, second gate dielectric material 326, and optional hard
mask 312 are then removed from over the second region 306 of the workpiece, as shown in

Figures 12.

[0076] For example, a layer of photoreéist 318 may be deposited over the optional hard
mask 312, and the photoresist 318 may be removed from over the second region 306 using
lithography techniques, for example, as shown in Figure 11. The photoresist 318 may be used as

a mask to pattern the hard mask 312 and second gate material 328 to remove. layers 312, 328 and
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326 from over the second region 306 of the workpiece 302, and the photoresist 318 may be

stripped or ashed, as shown in Figure 12.

[06077] Next, the first gate dielectric material 320 and the first gate material 322 are
deposited over the second region 306 of the workpiece 302 and over the sscond gate material
328 over the first region 304 of the Workpiece 302, as shown in Figure 13 ‘The fitst gate -
material 322 may optionally be doped with a dopant 390 comprising a p type or 11 type dopant.
An optional hard mask 323 may be formed over the first gate material 322 after the optional
doping step, as shown. The first gate dielectric material 320 and the first gate material 322 are
then removed from over the first region 304 of the workpiece. For example, a layer of
photorésist 324 may be deposited over the workpiece 302, and the photoresist 324 may be
patterﬁed to remove the photoresist 324 from over the first re gion‘3'04 of the workpiece 302, as
shown in Flgure 13. The photoreswt 324 is then used as a mask while the first gate material 322
first gate dielectric material 320, and optlonal hard mask 323 are removed ﬁom the first region

304 of the workpiece.

[0078] The photoresist 324 is then removed, as shown in Figure 14, and the top surface of
the first gate material 322 and the second gate material 328 (or optional hard masks 312 and 323,
‘as shown) are then planarized, e.g., using CMP or an etch process, for example, leaving the
structure shown in Figure 15. While a vertical portion 362 of the first gate dielectric material
320 formed on the sidewall of the second gate material 322 is left remaining in the structure
shown'-in Figure 16, this is not problematic, because portion 362 will be etched away when the
PMOS and NMOS transistors are formed, as shown in Figures 8 through 10. The first gate

material 322, the first gate dielectric material 320, the second gate material 328, the second gate

dielectric material 326, and optional hard masks 323 and 329, are patterned with a pattern for a
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CMOS device, source and drain regions are formed in the workpiece 302, and the hard masks
323 and 329 are removed, leaving the structure shown in Figure 17, wherein a PMOS transistor
is formed in the first region 304 of the workpiece 302, and an NMOS transistor is formed in the
second region 306 of the workpiece 302. The embodiment shown in Figures 11 through 15 and
17 is advantageous in that one less lithography mask is required, compared to the embodiment

shown in Figures 1 through 9.

[0079] Figures 17 and 18 show cross-sectional views of a method of forming a CMOS
device 300, wherein rather than separately doping the second gate material 326 with a dopant
392 as shown in Figure 11, and doping tﬁe first gate mateﬁal 322 with a dopant 390 as shown in
Figure 13, a single doping step is used to dope the first gate material 322 and the second gate
material 328 with a dopant 394, as shown in Figure 16. The dopant 394 is preferably n type in 7
this embodiment‘ The first gate material 322, the ﬁrsf gate dielectric material 320, the second
gaté material 328, &16 éecond"gatc dielectric material 326, and optional hard masks 323 and 329,
are patterned with a pattern fora CMOS device, source and drain regions are formed in the
workpiece 302, and the hard masks 323 and 329 are removed, leaving the structure shown in
Figure 17, wherein a PMOS transistor is formed in the first region 304 of the workpiece 302, and
an NMOS transistor is formed in the second region 306 of the workpiece 302. The embodiment
shown in Figures 16 and 17 is advantageous in that one less doping step and one less harci mask

(either 323 or 329) deposition step is required.

[0080] Figures 18 and 19 show yet another preferred embodiment of the present invention.
In this embodiment, advantageously, a single layer of gate dielectric material 466 and a single
layer'of gate material 468 are deposited over the top surface of the workpiece 402. The single

layer of gate dielectric material 466 and the single layer of gate material 468 may comprise one
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type of material, or may alternatively comprise one or more material layers, for example. The
single layer of gate dielectric material 466 is also referred to herein as an insulating layer 466,

and the single layer of gate material 468 is also referred to herein as a conductive layer 468, for

example.

{Oﬁél] The gate dielectric rﬁaterial 466 preferably comprises HfO;, HfSiOx, Al,Os, ZrQy,
71810y, Tay0s, Lay O, nitrides thereof, SixNy, SiON, combinations thereof, or combinations
thereof with Si0,, for example, although alternatively, the gate dielectric material 466 may
comprise other materials. The gate dielectric material 466 may comprise a thickness of a few
hundred Angstroms or less, for example. The gate material 468 fnay comprise a semiconductor
material or'a combination of a semiconductor material and a metal, for example. For example, -
the gate material 468 may comprise p‘olysilicon, other semiconductor materials, TiN, HfN, TaN,
W, Al, Ru RuTa, Ta81N N181x, CoSiy, T181x, Ir Y, Pt Ti, PtTi, Pd, Re, Rh, bondes phosphldes
or anmnomdes of T1 Hf, Zr, TIAIN, Mo, MoN, ZrSiN, ZrN, HfN, HfSlN WN, Ni, Pr, VN, T1W,
a partially silicided gate material, a fully silicided gate material (FUSY), other metals, and/or

combinations thereof, as examples.

[0082] In this embodiment, in the first region 404 where a PMOS trans_istor will be formed,
a Fermi-pinning material 464 is implanted. Preferably, the Fermi-pinning material 464 is
implanted in the first region 404 but not in the second region 406, as showr. For example, the
gate material 468 may be covered with photoresist 424 or an insulating material during the
impléntation process, as shown. Implanting the Fermi-pinning material 464 may comprise
implanting aluminum, for example, alt.hough alternatively, thé Fermi-pinning 464 may comprise

other Férmi—pinning materials.
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[0083] | Preferably, the Fermi-pinning material 464 is implanted into at least the conductive
layer 468 over the first region 404 of the workpiece 402, as shown. For example, the Fermi-

pinning material 464 is preferably also implanted into a top surface 470 of the insulating layer

466.

[0084] Because the Fermi-pinning material 464 is implanted into the first region 404 and not
the second region 406, the gate material and gate dielectric material for the ﬁrsfs region 404 and
second region 406 are now advantageously different, producing the novel CMOS device having
different gate dielectric materials and symmetric V; for a PMOS transistor'and NMOS transistor,

as shown in Figures 9 and 10.

[0085] Note that preferably, in accordance wifh an embodiment of the present invention, the
 gate material 468 in the first region 404 may be doped with an n type. dopant. For example, the
gate material 468 in the first region 404 may be doped Wiﬁh‘the n type dopant while the second
region 406 is masked. Alternatively, the gate material 468 in the first region 404 and the sécond
region 406 may be simultaneously doped with the n type dopant, for example. In one
embodiment, the gate material 468 in the second region 406 may be doped with a p type dopant
while the first region 404 is masked. The gate materials 468 of the first rtegion 404 and the

second region 406 may be doped with different amounts of an n type dopant, for example.

[0086] The structure shown in Figure 19 illustrates that the single conductive layer 468,
after implanting the Fermi-pinning Iﬁaterial 464, forms a first gate material 422 in the second
region 406 and a second gate material 428 in the first region 404. Likewise, the single insulating
layer 466 forms a first gate dielectric material 420 in the second region 406 and a second gate
dielectric material comprising a first insulating layer 450 and a second insulating layer 452 in the
first region 404. The device 400 is then patterned and the manufacturing process is continued to
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produce a novel CMOS device such as the one shown in a cross-sectional view in Figure 9. The
embodiment shown in Figures 18 and 19 is advantageous in that the number of lithography

masks required to manufacture the device 400 is further reduced.

[0087]  Figure 20 shows a cross-sectional view of a prior art CMOS device 500, wherein the
gate 582 of the PMOS device is doped with a p type dopant, and the gate 584 of the NMOS
device is doped with an n type dopant. This CMOS device 500 may exhibit ‘the_: polysilicon

depletion effect when operated in the inversion regime.

[0088] Figure 21 shows a cross-sectional view of another embodiment of the present
invention. In this embodiment, preferably, the gate 628 of the,PMOS device is doped With ann
type dopant, and the gate 622 of the NMOS deviceis doped with either a p type dopant or an n
type dopant. In this embodiment, the gate dielectric materials 694 and 696 may be the same_'
material, or may compﬁse different materials. If the NMOS device cqmpﬁssé a single device,

preferably the gate is doped with a p type dopant, in one embodiment.

10089] Embodiments of the present invention also include single PMOS and/or NMOS
transistor devices. Referring only to the left side of Figure 21 (e.g., disregarding the NMOS
device in rcgioﬁ 606), a single PMOS device such as the one shown in Figure 20 preferably
comprises a gate 628 that is doped with ann type dopant. The gate dielectric 696 preferably
comprises a high k dielectric material, e.g., having a dielectric constant of about 4.0 or greater.
Likewise, referﬁng oniy to the right side of Figure 21 (e.g., disregarding the PMOS device in
region 604), a single NMOS device in accordance with an embodiment of the present invention.
preferably comprises a gate 622 that is doped with a p type dopant. The gate dielectric 694 of

the NMOS device preferably comprises a high k dielectric material, e.g., having a dielectric

constant of about 4.0 or greater.
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[0090] The CMOS devices 100, 200, 300, 400, 600, and 700 and PMOS and NMOS
transistors may include source and drain regions that are formed by implantation, as described
herein. Alternatively, the source and drain regions described herein may be formed using other
methods. For example, as shown in Figure 22, after patterning the gate materials 722 and 728
and gate dielectric materials 795 and 796, the workpiece 702 may be etched to remove a top
portion of the workpiece 702, as shown. For example, an anisotropic etch selective to silicon
may be used to remove a fow hundred A, e.g., 200 to 1000 A of the workpiéce. In one
embodiment, a top portion of the STI region 708 material may be partially etched or removed

_ during the etchback of the workpiece 702, for example, not shown. The workpiece 702 is then.
backfilled inthe etched areas with a semiconductive material, suc_}h as SiGe, SiGeC or other
materials. The backfilled semiconductive material may be in—sitﬁ doped, using a precursor of the
desired dopant for the soﬁxce and drain regions 798, for example. The ﬁrst region 704 may be
masked while the second region 706 is backfilled, and vice versa. The PMOS tfans’ist_or source
and drain regions 798 may be formeci using in-situ B doped SiGe, and the NMOS transistor
source and drain regions 798 may be formed using in-sitn phosphorous doped SiGe, as examples.
After the backfilling step, the hard masks (not shown in Figures 22 and 23) may be removed, and

the spacers 734 are formed, as shown in Figure 23.

[0091] Advantages of embodiments of the invention include providing methods of
fabricating CMOS devices 100, 200, 300, 400, 600, and 700 and structures thereof wherein the
PMOS transistor 136 and 236 and the NMOS transistor 138 and 238 have a.substantially
symmetric Vi. For example, Vi, may be about +0.2 to +5 V, and Vi, may be the substantially the
same negative value, e.g., about -0.2 to -5 V. The threshold voltages Vymay alternatively

comprise other voltage levels, for example. Work function symmetry may be achieved by using
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" a different dielectric material GD1 and GD2 for the PMOS transistor 136 and 236 and the
NMOS transistor 138 and 23 8, respectively. The threshold voltage Vi is decreased compared to
prior art CMOS devices, and the flat band voltage is easier to tune. Embodiments of the
invention may utilize high-k dielectric materials as the gate dielectric GD1 and GD2, using
semiconductive matetial or silicided semiconductive material electrodes G1 and G2. In one
emb‘odirnenf, wherein the top layer of the gate dielectric of thé PMOS transistor 136 and 236
comprises an aluminum-containing material, the fact that Si-Al pins to p-type and Si-Hf pins to
n-type is utilized, to take advantage of the Fermi-pinning effect rather than tryiﬁg to solve the
Fermi-pinning ,c_:ffcct or work around it by changing the material of the gate electrode.
Polysilicon depletién and boron penetration effects are prevented when the devices 100, 200,
300, 400, 600, and 700 are operated in an inversion mode, because the semiconductive material
of the gates function in an accumulation regime, due to the presence of the dopant. The .
'capacitance.effe'ctivélthick'ness (CET) of 2 CMOS device can be decreased in accordance with

embodiments of the present invention, e.g., by about 4 Angstroms or greater.

[0092] Although embodiments of the present invention and their advantages have been:
described in detail, it should be undersfood that various changes, substitutions and alterations can
be made herein without departing from the spirit and scope of the invention as defined by the
appended claims. For example, it will be readily understood by thése skilled in the art that many
of the features, functions, processes, and materials described herein may be varied while
remaining within the scope of the present invention. Moreover, the S_cope of the present
application is not intended to be limited to the particular embodiments of the process, machine,
manufacture, composition of matter, means, methods and steps described in the specification.

As one of ordinary skill in the art will readily appreciate from the disclosure of the present
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invention, processes, machines, manufacture, compositions of matter, means, methods, or steps,
presently existing or later to be developed, that perform substantially the same function or
achieve substantially the same result as the corresponding embodiments described herein may be
utilized according to the present invention. Accordingly, the appended claims are intended to
include Within their scope such processes, machines, manufacture, compositions of métter,

means, methods, or steps.
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WHAT IS CLAIMED IS:

1. A transistor, comprising:

a workpiece, the workpiece having a region implagted with a first dopant;

a gate dielectric disposed over the workpiece;

a gate disposed over the gate dielectric, the gate comprising a semiconductive material
and being implanted with the first dopant; and

a source region and a drain region formed in the region of the workpiece, wherein the

source region and the drain region are proximate the gate dielectric.

2. The transistor according to Claim 1, wherein the transistor comprises a negative channel

thetal oxide semiconductor, wherein the first dopant comprises a p type dopant.

3. The transistor according to Claim 1, wherein the transistor comprises a positive channel metal

oxide semiconductor, wherein the first dopant comprises an n type dopant.

4. The transistor according to Claim 1, wherein the gate dielectric comprises a dielectric
constant of about 4.0 or greater, and wherein the gate dielectric comprises HfO,, HfSiOx, A1203,v
Zr0,, ZrSi0%, Ta;0s, Lay0s, nitrides théreof, SixNy, SiON, HfAIO,, HfAIO N 4.y, ZrAlO,,
ZrAlOxNy, SiAlOy, SiAlOxN .y, BISiAlO;, HfSiAIONy, ZrSiAlOy, ZrSiAIONy, combinations
thereof, or combinations thereof with SiOé, and wherein the gate comprises polysilicon,
amorphous silicon, TiN, HfN TaN, W, Al, Ru, RuTa, TaSiN,' NiSi,, CoSiy, TiSiy, Ir, Y, Pt, Ti,
PtTi, Pd, Re, Rh, borides, phosphides, or antimonides of Ti, Hf, Zr, TiAIN, Mo, MoN, ZrSiN,
ZrN, HiN, HfSiN, WN, Ni, Pr, VN, TiW, a partially éilicided gate material, a fully silicided gate

material (FUSI), or combinations thereof,
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5. A complimentary metal oxide semiconductor (CMOS) device, comprising:

a workpiece;

a positive channel metal oxide semiconductor (PMOS) transistor formed in a first region
of the workpiece, the PMOS transistor comprising a first gate dielectric disposed over the
workpiece and a first gate disposed over the first gate dielectric, the ﬁrst gate comprising a ﬁrst
semiconductive material comprising an n type dopant; and

a negative channel metal oxide semiconductor (NMOS) transistor formed in a second
region of the workpiece, the NMOS transistor comprising a second gate dielectric disposed over
the workpiece and a second gate disposed over the first gate dielectric, the secénd gate

comprising a second semiconductive material.

6. The CMOS device according to Claim 5, wherein the second semiconductive material is

doped with a p type dopant or an n type dopant.

7. The CMOS device according to Claim 5, wherein the first gate dielectric comprises a first
material, wherein the second gate dielectric comprises a second matetial, wherein the second
material is different from or the same material or thickness as the first material, and wherein the
first gate dielectric and the second gate dieleofric comprise a dielectric constant of about 4.0 or

greater.

8. The CMOS device according to-Claim 7, wherein either the first material or the second

material comprises a Fermi-pinning material.

9. The CMOS device according to Claim 8 wherein the Fermi-pinning material comprises an

aluminum-containing material abutting the first gate or the second gate.
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10. The CMOS device according to Claim 9, wherein the Fermi-pinning material comprises

about 10 to 60 Angstroms of Al,Oy or AlON ...

11. The. CMOS device according to Claim 5, wherein the first gate dielectric and the second gate
dielectric comprise HfO,, HfSiOx, Al,Os, ZrO,, ZfSi,OX, Tay0s, Lay0s, nitrides thereof, Si,Ny,
SiON, HfALOx, HfAIOxN .y, ZtAlOy, ZrAlO,Ny, SiAlOx, SiAlONy.y.y, HESIA10,, HfSIAION,,

ZrSiAlO,, ZrSiAIO¢Ny, combinations thereof, or combinations thereof with Si0,.

12, The CMOS device according to Claim 12, wherein the first gate and the second gate
comprise polysilicon, TiN, HfN, TaN, W, Al, Ru, RuTa, TaSiN, NiSi,, CoSiy, TiSi, Ir, Y, Pt, Ti,
PtTi, Pd, Re, Rh, borides, phosphides, or antimonic’iesjof Ti, Hf, Zr, TiAIN, Mo, MoN, ZrSiN,
ZrN, HfN, HfSiN, WN, Ni, Pf, VN, TiW, a partially silicided gate material, a fully silicided gate

material (FUSI), or combinations thereof.
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13. A method of manufacturing a transistor, the method comprising;

providing a workpiece;

implanting a first dopant into the workpiece;

forming a gate dielectric over the workpiece;

forming a gate over the gate dielectric, the gate comprising a semiconductive material;
and

implanting the first dopant into the gate.

14. The method according to Claim 13, wherein the transistor comprises a negative channel
metal oxide semiconduc{tor,'wherein the first dopant comprises a p type dopant, or wherein the

transistor comprises a positive channel metal oxide semiconductor, wherein the first dopant

- comprises an n type dopant.

15 The method according to Claim 13, the gate dielectric comprising a dielectric constant of
about 4.0 or greater, and wherein the gate dielectric comprises HfO,, HfSiOx, A1, O3, Zr0;,
Zr$i0x, Tay0s, Laz0s, nitrides thereof, SixNy, SiON, HAIO,, HFAION) .y, ZrAlO, ZrAlO.Ny,
SiAlOx, SiAlOXNl_g.y, HfSiA10;, HfSiAIO,Ny, ZrSiAlOy, ZrSiAlONy, combinations thereof, or
combinations thereof with 810, and wherein the gate comprises polysilicon, amorphous silicon,
TiN, HiN TaN, W, Al, Ru, RuTa, TaSiN, NiSi,, CoSi,, TiSiy, Ir, Y, Pt, Ti, fPtTi, Pd, Re, Rh,
borides, phosphides, or antimonides of Ti, Hf, Zr, TiAlN, Mo, MoN, _ZrSiN, ZrN, HIN ,VHfSiN,»
WN, Ni, Pr, VN, TiW, a partially silicided gate material, a fully silicided gaté material (FUSID),

or combinations thereof,
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16: A method of manufacturing a complimentary metal oxide semiconductor (CMOS) device, -
the method comprising;

providing a workpiece;

forming a positive channel metal oxide semiconductor (PMOS) transistor in a first regiéﬁ
of the workpiece, the PMOS transistor comprising a first gate dielectric disposed over the
workpiece and a first gate disposed over the first gate dielectric, the first gate comprising a first
semiconductive material;

implanting an n type dopant into .the first semiconductive material of the first gate; and

férming a negative channel metal oxide semiconductor (NMOS) transistor in a second
region of the workpiece, the NMOS transistor comprising a second gate dielectric disposed over
the workpiece and a second gate disbosed over the second gate dielectrié, the second ga’i:e

comprising a second semiconductive material.

17. The method according to Claim 16, further comprising doping the second semiconductive

material with a p type dopant or an n type dopant.

18. The method according to Claim 16, wherein the work function of the PMOS tfansistor is set
by the first gate dielectric, and wherein the work function of the NMOS transistor is set by the

second gate dielectric.

19. The method according to Claim 16, wherein the first gate diclectric and the second gate
dielectric comprise the same material or different materials or thicknesses, and wherein the first
gate dielectric and the second gate dielectric comprise a dielectric constant of about 4.0 or

greater.
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20. The method according to Claim 19, wherein the first gate dielectric and the second gate
dielectric comprise HfO,, HfSiOx, Aly03, ZrOy, ZrSiOx, Ta;0s, LayOs, nitrides thereof, SigNy,
SiON, HfAIOy, HfAIO N x.y, ZtAlOy, ZrAlO4Ny, SiAlOy, SIAIOxN ..y, HESIA1O,, HfSIAIO.N,,
ZrSiAlOy, ZrSiAl04Ny, combinations thereof, or combinations thereof with SiO,, and wherein
the first gate and the second gate comprise polysilicon, amorphous silicon, TiN, HfN TaN, W,
AI, Ru, RuTa, TaSiN, NiSi,, CoSiy, TiSiy, Ir, Y, Pt, Ti, PtTi, Pd, Re, Rh, borides, phosphides, or
antimonides of Ti, Hf, Zr, TIAIN, Mo, MoN, ZSiN, ZrN, HfN, HfSiN, WN, Ni, Pr, VN, TiW, a

partially silicided gate material, a fully silicided gate material (FUSI), or combinations thereof.

21. The method according to Claim 16, wherein forming the PMOS transistor comprises

forming a first gate dielectric comprising a Fermi-pinning material abutting the first gate.

22. The method according to Claim 21, wherein the Femﬁ-pimﬁng material comprises about 10

© 10 60 Angstroms of AlOyor ALOyN ;.5

23. The method according to Claim 16, further comprising forming saurce and drain regions for
the PMOS transistor and the NMOS transistor in the workpiece, by implantation or by etching

the workpiece and backfilling the workpiece with an in-situ doped semiconductive material.
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