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(57) ABSTRACT

A semiconductor device comprising a semiconductor body
having a top surface and a first and second laterally opposite
sidewalls as formed on an insulating substrate is claimed. A
gate dielectric is formed on the top surface of the semicon-
ductor body and on the first and second laterally opposite
sidewalls of the semiconductor body. A gate electrode is then
formed on the gate dielectric on the top surface of the
semiconductor body and adjacent to the gate dielectric on
the first and second laterally opposite sidewalls of the
semiconductor body. The gate electrode comprises a metal
film formed directly adjacent to the gate dielectric layer. A
pair of source and drain regions are then formed in the
semiconductor body on opposite sides of the gate electrode.
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NONPLANAR TRANSISTORS WITH METAL GATE
ELECTRODES

BACKGROUND OF THE INVENTION

[0001] 1. FIELD OF THE INVENTION

[0002] The present invention relates to the field of semi-
conductor integrated circuit manufacturing, and more par-
ticularly to CMOS integrated circuits with p type and n type
nonplanar transistors with metal gate electrodes and meth-
ods of fabrication.

[0003] 2. DISCUSSION OF RELATED ART

[0004] In order to increase device performance, silicon on
insulator (SOI) transistors have been proposed for the fab-
rication of modern integrated circuits. FIG. 1 illustrates a
standard fully depleted silicon on insulator (SOI) transistor
100. SOI transistor 100 includes a single crystalline silicon
substrate 102 having an insulating layer 104, such as a
buried oxide formed therecon. A single crystalline silicon
body 106 is formed on the insulating layer 104. A gate
dielectric layer 108 is formed on the single crystalline
silicon body 106 and a gate electrode 110 formed on the gate
dielectric 108. Source 112 and drain 114 regions are formed
in the silicon body 106 along laterally opposite sides of a
polysilicon gate electrode 110.

[0005] Fully depleted SOI have been proposed as a tran-
sistor structure to take advantage of ideal sub-threshold
gradients for optimized on current/off current ratios. In order
to achieve ideal subthreshold gradients with transistor 100,
the thickness of the silicon body 106 must be about !5 the
size of the gate length (Lg) of the transistor or Tsi=Lg/3.
However, as gate lengths scale especially as they approach
30 nm, the need for ever decreasing silicon film thickness
(TSi) makes this approach increasingly impractical. At 30
nanometer gate length, the thickness required of the silicon
body is thought to need to be less than 10 nanometers, and
around 6 nanometer for a 20 nanometer gate length. The
fabrication of thin silicon films with thicknesses of less than
10 nanometers, is considered to be extremely difficult. On
one hand, obtaining wafer uniformity on the order of one
nanometer is a difficult challenge. On the other hand, to be
able to contact these thin films to form raised source/drain
regions to decrease junction resistance, becomes almost
impossible since the thin silicon layer in the source/drain
regions becomes consumed during the gate etch and various
cleans following the gate etch and spacer etch leaving
insufficient silicon 106 for epitaxial silicon to grow on.

[0006] A double gate (DG) device, such as shown in
FIGS. 2A and 2B, have been proposed to alleviate the
silicon thickness issue. The double gate (DG) device 200
includes a silicon body 202 formed on an insulating sub-
strate 204. A gate dielectric 206 is formed on two sides of the
silicon body 202 and a polysilicon gate electrode 208 is
formed adjacent to the gate dielectric 206 formed on the two
sides of the silicon body 202. A sufficiently thick insulating
layer 209, such as silicon nitride, electrically isolates the
gate electrode 208 from the top of silicon body 202. Double
gate (DG) device 200 essentially has two gates, one on either
side of the channel of the device. Because the double gate
device 200 has a gate on each side of the channel, thickness
(Tsi) of the silicon body can be double that of a single gate
device and still obtain a fully depleted transistor operation.
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That is, with a double gate device 200 a fully depleted
transistor can be formed where Tsi=(2xL.g)/3. The most
manufacturable form of the double gate (DG) device 200,
however, requires that the body 202 patterning be done with
photolithography that is 0.7x smaller than that used to
pattern the gate length (Lg) of the device. In order to obtain
high density integrated circuits, it is generally desirable to
have the most aggressive lithography occur with respect to
the gate length (Lg) of the gate electrode 508. Although,
double gate structures double the thickness of the silicon
film (since there now is a gate on either side of the channel)
these structures, however, are extremely difficult to fabri-
cate. For example, silicon body 202 requires a silicon body
etch which can produce a silicon body 202 with an aspect
ratio (height to width) of about 5:1.

[0007] Another problem associated with transistors 100
and 200 shown in FIG. 1 and FIGS. 2A and 2B, is that the
gate electrodes are typically formed from a doped polycrys-
talline silicon film. Polysilicon gate electrodes suffer from
the formation of charge carrier depletion regions also known
as “poly depletion”. That is, when a voltage is applied to the
polycrystalline gate electrode, a depletion region 120 and
220 forms in the lower part of the polycrystalline gate
electrode adjacent to the gate dielectric layer 108 and 206
respectively. The result in affect is an increase in the
electrical thickness of the gate dielectric layer. For example,
in order to fabricate a transistor, such as shown in FIG. 1,
with a 90 nanometer gate length, a 14 A thick silicon oxide
dielectric layer is necessary for optimal electrical perfor-
mance. However, in such a device, the poly depletion region
120 can be on the order of 5A thereby essentially increasing
the electrical thickness (TOx) of the gate dielectric layer by
33%. Such an increase in the gate dielectric electrical
thickness dramatically reduces the performance of the fab-
ricated transistor. It is to be appreciated, that as device
dimensions are scaled down, in order to integrate an ever
larger number of transistors into a single integrated circuit in
the electrical thickness of the gate oxide layer must also be
proportionally scaled down. Poly depletion effects hinder
the ability to further scale down transistor dimensions.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG.1is anillustration of a cross-sectional view of
a depleted substrate transistor

[0009] FIGS. 2A and 2B illustrate a double gate depleted
substrate transistor.

[0010] FIG. 3 is an illustration of a CMOS integrated
circuit comprising a nonplanar n type transistor having a
metal gate electrode and a nonplanar p type transistor having
a metal gate electrode.

[0011] FIG. 4A illustrates a CMOS integrated circuit
having an n type nonplanar transistor with a metal gate
electrode which includes raised source and drain regions and
silicided regions and a nonplanar p type transistor with a
metal gate electrode and with raised source and drain
regions and silicided regions.

[0012] FIG. 4B illustrates a cross-sectional view of a
nonplanar transistor with a metal gate electrode which
includes raised source and drain regions and silicided
regions.

[0013] FIG. 4C is an illustration of a CMOS integrated
circuit having an n type nonplanar transistor with a metal



US 2006/0071275 Al

gate electrode and multiple semiconductor bodies and a p
type nonplanar transistor with a metal gate electrode and
multiple semiconductor bodies.

[0014] FIGS. 5A-5Z illustrate a method of fabricating a
CMOS integrated circuit comprising an n type nonplanar
transistor with a metal gate electrode and a p type nonplanar
transistor with a metal gate electrode utilizing a replacement
gate fabrication process.

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

[0015] A nonplanar transistor having a gate electrode
comprising a lower metal layer is described. In the following
description numerous specific details are set forth in order to
provide a thorough understanding of the present invention.
In other instances, well known semiconductor processing
techniques and features have not been described in particular
detail in order to not unnecessarily obscure the present
invention.

[0016] The present invention is a novel nonplanar transis-
tor having a metal gate electrode and its method of fabri-
cation. A nonplanar device includes a semiconductor body
having a top surface and laterally opposite sidewalls formed
on a substrate. A gate dielectric is formed on the top surface
and on the sidewalls of the channel region of the semicon-
ductor body. A metal gate electrode is then formed around
the semiconductor body so that it covers the top surface and
two sides of the semiconductor body. Since the gate elec-
trode covers the semiconductor body on three sides the
transistor essentially has three gate electrodes, one on the top
of the semiconductor body and one on each of the sidewalls
of the semiconductor body. Such a nonplanar transistor can
be referred to as a trigate transistor since it essentially has
three gate electrodes. Because the channel region of the
semiconductor body is covered by the gate electrode on
three sides, the electrical field provided by the gate electrode
can easily fully deplete the channel region of the device.
Fully depleted transistors have advantageous electrical char-
acteristics, such as increased drive current as well as low
leakage current. The nonplanar device of the present inven-
tion has a metal gate electrode. A metal gate electrode
prevents charge carrier depletion phenomenon associated
with conventional polysilicon gate electrodes. The use of a
metal gate electrode reduces the T_, or electrical thickness of
the effective gate dielectric which thereby improves the
electrical performance of the device.

[0017] In an embodiment of the present invention, a
replacement gate technique is utilized to form the gate
electrodes. In a replacement gate technique a sacrificial gate
electrode and sacrificial gate dielectric are formed over the
semiconductor body. Standard source and drain doping and
formation techniques including sidewall spacers can then be
formed. A dielectric layer is then blanket deposited over the
sacrificial gate electrode and the semiconductor body. The
dielectric layer is then polished back to expose the top
surface of the sacrificial gate electrode. The sacrificial gate
electrode can then be removed to form a trench or opening
which defines where the gate electrode is to be formed. At
this stage, the option to replace a sacrificial gate dielectric
(e.g. to replace a “dummy” SiO2 layer with a high K
dielectric film such as HfO2) may be considered. A metal
film is then blanket deposited over the insulating substrate
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and into the trench and over the semiconductor body in the
trench. The metal film is then polished back to form the gate
electrode for the device.

[0018] In the following description various processing
techniques and device structures are set forth which can be
used alone or in combination to improve device reliability
and performance and to provide a manufacturable method of
fabrication. In embodiments of the present invention, vari-
ous techniques are utilized to preserve the sacrificial inter-
layer dielectric film used to form the openings for the gate
electrode in a replacement gate process.

[0019] For example, in an embodiment of the present
invention, a hard mask material is used to pattern the
sacrificial gate electrodes for the n type and p type transis-
tors. A hard mask helps provide for improved etching and
patterning of the sacrificial gate electrode. In embodiments
of the present invention, the hard mask also provides a
polish stop for the polishing of the sacrificial interlayer
dielectric used for forming the opening for replacement gate
process. Stopping on the hard mask, as opposed to the
sacrificial gate electrode, provides for an extra margin of
ILD thickness to insure that nonuniform polishing or dishing
does not uncover the transistor structure located below.
Additionally, in embodiments of the present invention, both
the sacrificial gate electrode for the n type device and
sacrificial gate electrode for the p type device are removed
simultaneously and both openings filled simultaneously with
the same film or stack of films. In this way, only a single
polish process is necessary to form the gate electrodes for
the n type device and p type device thereby helping to
preserve the sacrificial interlayer dielectric layer and insure
that the polishing processes do not reveal or uncover the
underlying device structure. Because the gate electrode for
the p type device and n type device are fabricated at the same
time, they need to be fabricated from the same material or
stack of materials, such as a midgap work function material.
Unfortunately, fabricating the gate electrode for the n type
device and p type device with the same material (e.g., a
midgap work function material) does not provide the opti-
mal electrical and performance characteristics for the
devices. Accordingly, in embodiments of the present inven-
tion, the source/drain doping concentration and profile as
well as the channel region doping concentration and profile
are tailored to provide between a 0.9 eV-1.1 eV threshold
voltage difference between the gate electrodes for the p type
device and n type device. In this way, device performance
for the p type and n type devices can still be optimized even
though the gate electrodes are fabricated with the same
material.

[0020] Additionally, in embodiments of the present inven-
tion, the thickness of the hard mask material, sacrificial gate
electrode material and semiconductor body are designed so
that when spacers are formed adjacent to the sacrificial gate
electrode, the spacer etch can include an “over etch” to
remove the spacer material from the sidewalls of the semi-
conductor body but yet still have the top of the sidewall
spacers adjacent to the hard mask material on the sacrificial
gate electrode. In this way, the sacrificial gate electrode can
be completely sealed by the hard mask material and the
spacer material thereby preventing silicon and silicide from
forming on the sacrificial gate electrode during the process
used to form silicon and silicide on the semiconductor body.
Additionally, in embodiments of the present invention, after
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the removal of the sacrificial gate electrode and gate dielec-
tric materials the channel of the semiconductor body is
exposed to a surface treatment solution, such as solution
comprising hydrogen peroxide, which makes the surface
hydrophilic. A hydrophilic surface treatment enables a high
dielectric constant metal oxide dielectric film to be deposited
on the channel region of the semiconductor body with an
atomic layer deposition (ALD) process whereby the film is
formed one layer at a time. Such a process forms a high
quality extremely uniform thickness gate dielectric film. It is
to be appreciated that other valuable features and combina-
tions thereof will become apparent from the detailed
description which follows.

[0021] An example of a nonplanar transistors in accor-
dance with the present invention are illustrated in FIG. 3.
FIG. 3 shows a portion of a complimentary metal oxide
semiconductor (CMOS) integrated circuit 300 which
includes both an n type nonplanar transistor 310 with a metal
gate electrode 320 and p type nonplanar transistor 350 with
a metal gate electrode 352 formed on an insulating substrate
302. An n type transistor 310 is a field effect transistor where
the carriers are electrons and a p type transistor 350 is a
transistor where the carriers are holes. N type transistor 310
and p type transistor 350 coupled together through higher
levels of metallization into a functional CMOS circuit.
Although, a CMOS integrated circuit 300 is shown and
described with respect to FIG. 3, the present invention is not
limited to a CMOS integrated circuit and can include circuits
which include only a p type non-planar transistors with a
metal gate electrodes or only an n type nonplanar transistors
with metal gate electrodes.

[0022] CMOS integrated circuit 300 can be formed on an
insulating substrate 302. In an embodiment of the present
invention, insulating substrate 302 includes a lower monoc-
rystalline silicon substrate 304 upon which formed in insu-
lating layer 306, such as a silicon dioxide film. Integrated
circuit 300, however, can be formed on any suitable insu-
lating substrate, such as substrates formed from silicon
dioxide, nitrides, oxides, and sapphires.

[0023] Additionally, in an embodiment of the present
invention, substrate 302 need not necessarily be an insulat-
ing substrate can be a well known semiconductor substrate,
such as but not limited to a monocrystalline silicon substrate
and gallium arsenide substrate.

[0024] N type nonplanar transistor 310 includes a semi-
conductor body 330 formed on insulating layer 306 of
insulating substrate 302 and p type nonplanar transistor 350
includes a semiconductor body 370 formed on insulating
layer 306 of insulating substrate 302. Semiconductor bodies
330 and 370 can be formed from any well known semicon-
ductor material, such as but not limited to silicon, germa-
nium, silicon germanium (Si,Ge,), gallium arsenide (GaAs),
InSb, GaP, GaSb, carbon nanotubes and carbon nanowires.
Semiconductor bodies 330 and 370 can be formed of any
well know material which can be reversibly altered from an
insulating state to a conductive state by applying external
electrical controls. Semiconductor bodies 330 and 370 are
ideally a single crystalline film when the best electrical
performance of transistors 310 and 350 is desired. For
example, semiconductor bodies 330 and 370 are single
crystalline films when CMOS integrated circuit 300 is used
in high performance applications, such as in high density
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circuits, such as a microprocessor. Semiconductor bodies
330 and 370, however, can be a polycrystalline films when
CMOS integrated circuit 300 is used in applications requir-
ing less stringent performance, such as in liquid crystal
displays. Insulating layer 306 insulates semiconductor bod-
ies 330 and 370 from the monocrystalline silicon substrate
302. In an embodiment of the present invention, semicon-
ductor bodies 330 and 370 are single crystalline silicon
films.

[0025] Semiconductor body 330 has a pair of laterally
opposite sidewalls 331 and 332 separated by distance which
defines a semiconductor body width 333. Additionally, semi-
conductor body 330 has top surface 334 opposite a bottom
surface 335 formed on substrate 302. The distance between
the top surface 334 and the bottom surface 335 defines the
body height 336. In an embodiment of the present invention,
the body height 336 is substantially equal to the body width
335. In an embodiment of the present invention, the body
330 has a width 333 and a height 336 less than 30 nanom-
eters and ideally less than 20 nanometers. In an embodiment
of the present invention, the body height 336 is between one
half the body width 333 to two times the body width 333.

[0026] Similarly, semiconductor body 370 has a pair of
laterally opposite sidewalls 371 and 372 separated by a
distance 373 which defines a semiconductor body width
373. Additionally, semiconductor body 370 has a top surface
374 opposite a bottom surface 375 formed on substrate 302.
The distance between the top surface 374 and the bottom
surface 375 defines the body height 376. In an embodiment
of the present invention, the body height 376 is substantially
equal to the body width 373. In an embodiment of the
present invention, the body 370 has a width 373 and a height
376 less than 30 nanometers and ideally less than 20
nanometers. In an embodiment of the, present invention the
body height 376 is between one half the body width 373 to
two times the body width 373.

[0027] N type nonplanar transistor 310 has a gate dielec-
tric layer 312. Gate dielectric layer 312 is formed on and
around three sides of semiconductor body 330 as shown in
FIG. 3. Gate dielectric layer 312 is formed on or adjacent to
sidewall 331, on the top surface 334, and on or adjacent to
sidewall 332 of body 330 as shown in FIG. 3. Similarly,
nonplanar p type transistor 350 has a gate dielectric layer
352. Gate dielectric layer 352 is formed on and around three
sides of semiconductor body 370 as shown in FIG. 3. Gate
dielectric layer 352 is formed on or adjacent to sidewall 371,
on the top surface 374 and on or adjacent to sidewall 372 of
body 370 as shown in FIG. 3. Gate dielectric layers 312 and
352 can be formed from any well known gate dielectric
films. In an embodiment of the present invention, the gate
dielectric layers are silicon dioxide (Si0,), silicon oxyni-
tride (SiO,N, ), or a silicon nitride (Si;N,) dielectric layer or
combinations thereof. In an embodiment of the present
invention, the gate dielectric layer 312 and 352 are a silicon
oxynitride film formed to a thickness between 5-20 A. In an
embodiment of the present invention, the gate dielectric
layer 312 and 352 are a high K gate dielectric layer, such as
a metal dielectric, such as but not limited to tantalum oxide,
titanium oxide, hafnium oxide, zirconium oxide, aluminum
oxide, lanthanum oxide, lanthanum aluminum oxide and
silicates thereof. In an embodiment of the present invention,
dielectric layer 312 and 352 can be other types of high K
dielectric layers, such as but not limited to PZT and BST.
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[0028] N type nonplanar device 310 has a gate electrode
320. Gate electrode 320 is formed on and around gate
dielectric layer 312 as shown in FIG. 3. Gate electrode 320
is formed on or adjacent to gate dielectric layer 312 formed
on sidewall 331 of semiconductor body 330, is formed on
gate dielectric layer 312 formed on the top surface 334 of
semiconductor body 330, and is formed adjacent to or on
gate dielectric layer 312 formed on sidewall 332 of semi-
conductor body 320. Gate electrode 320 has a pair of
laterally opposite sidewalls 322 and 324 separated by a
distance which defines the gate length 326 of n type tran-
sistor 310. In an embodiment of the present invention, the
laterally opposite sidewalls 322 and 324 of the gate elec-
trode 320 run in a direction perpendicular to the laterally
opposite sidewalls 331 and 332 of semiconductor body 330.
Similarly, p type nonplanar device 350 has a gate electrode
360 formed on and around gate dielectric layer 352 as shown
in FIG. 3. Gate electrode 360 is formed on or adjacent to
gate dielectric layer 352 formed on sidewall 371 of semi-
conductor body 370, is formed on gate dielectric layer 352
formed on the top surface 374 of semiconductor body 370
and is formed adjacent to or on gate dielectric layer 352
formed on sidewall 372 of semiconductor body 370. Gate
electrode 370 has a pair of laterally opposite sidewalls 362
and 364 separated by a distance which defines a gate length
(Lg) 366 of p type transistor 350. In an embodiment of the
present invention, the laterally opposite sidewalls 362 and
364 of gate electrode 360 run in a direction perpendicular to
laterally opposite sidewalls 371 and 372 of semiconductor
body 370.

[0029] In an embodiment of the present invention, gate
electrodes 320 and 360 are formed from the same film or
composite stack of films. In an embodiment of the of the
present invention, gate electrodes 320 and 360 are formed
from a material having a midgap work function or a work
function between a n type device and a p type device. In an
embodiment of the present invention, when the semicon-
ductor bodies 330 and 370 are silicon bodies, gate electrodes
320 and 360 can be formed of a material having a midgap
work function between 4.2-4.8 eV. In an embodiment of the
present invention, gate electrodes 320 and 360 include a film
selected from the group consisting of nitrides and carbides
of titanium, hafnium and tantalum, with a workfunction
between 4.2-4.8 eV and ideally between 4.4-4.5 eV. In an
embodiment of the present invention, gate electrodes 320
and 360 are formed from a composite film comprising a
lower metal film 327 and an upper metal or doped polysili-
con film 328. In an embodiment of the present invention, the
lower metal film 327 controls the work function of the gate
electrode material. In an embodiment of the present inven-
tion, the lower metal portion 327 of the gate electrodes 320
and 360 is formed to a thickness of at least 25A or four
monolayers so that the work function of the gate electrode
material is controlled by the lower metal film. That is, in an
embodiment of the present invention, the lower metal film is
formed thick enough so that it is not “work function trans-
parent” so that the work function of the gate electrode
material is controlled by the lower metal film 327 and not by
the upper metal film 328. In an embodiment of the present
invention, the lower metal film 327 is formed to a thickness
between 25-100 A and is formed from nitride or carbides of
titanium and tantalum, such as but not limited to TaN, TiN,
and aluminum doped titanium carbide. In an embodiment of
the present invention, the upper metal film 328 is formed of
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a material which has good gap fill characteristics and which
has low resistance, such as but not limited tungsten (W),
copper (Cu), or doped polysilicon.

[0030] N type nonplanar transistor 310 has a source region
340 and a drain region 342. Source region 340 and drain
region 342 are formed in semiconductor body 308 on
opposite sides of gate electrode 320 as shown in FIG. 3.
Source region 340 and drain region 342 are formed of n type
conductivity. In an embodiment of the present invention,
source 340 and drain region 342 have a n type dopant
concentration between 1x10'° to 1x10*! atoms/cm?. Source
region 340 and drain region 342 can be a uniform concen-
tration or can include subregions of different concentrations
or dopant profiles, such as tip regions (e.g., source/drain
extensions). In an embodiment of the present invention,
when nonplanar n type transistor 310 is a symmetrical
transistor, source region 340 and drain region 342 have the
same doping concentration and profile. In an embodiment of
the present invention, the nonplanar n type transistor 310 is
formed as an asymmetrical transistor wherein the doping
concentration profile of the source region 340 and drain
region 342 may vary in order to obtain particular electrical
characteristics.

[0031] Similarly, p type nonplanar transistor 350 has a
source region 380 and drain region 382. Source region 380
and drain region 382 are formed in semiconductor body 370
on opposite sides of gate electrode 360 as shown in FIG. 3.
The source region 380 and the drain region 382 are formed
of p type conductivity. In an embodiment of the present
invention, the source region 380 and drain region 382 have
a p type doping concentration of between 1x10'? to 1x10**
atoms/cm®. Source region 380 and drain region 382 can be
formed of uniform concentration or can include subregions
of different concentration dopants profiles, such as tip
regions (e.g., source/drain regions extensions). In an
embodiment of the present invention, when nonplanar p type
transistor 350 is a symmetrical transistor, source region 380
and drain 382 have the same doping concentration and
profile. In the embodiment of the present invention, when p
type nonplanar transistor 350 is formed as an asymmetrical
transistor, then the doping concentration profile of source
region 380 and drain region 382 may vary in order to obtain
particular electrical characteristics.

[0032] The portion of semiconductor body 330 located
between source region 340 and drain region 342 defines a
channel region 344 of the n type nonplanar transistor 310.
The channel region 344 can also be defined as the area of the
semiconductor body 330 surrounded by the gate electrode
320. Similarly, the portion 384 of semiconductor body 370
located between source region 380 and drain region 382
defines a channel region 384 of p type nonplanar transistor
350. Channel region 384 can also be defined as the area of
the semiconductor body 370 surrounded by gate electrode
360. The source/drain regions typically extend slightly
beneath the gate electrodes through, for example, diffusion
to define a channel region slightly smaller than the gate
electrode length (Lg). In an embodiment of the present
invention, the channel regions 344 and 384 are intrinsic or
undoped monocrystalline silicon. In an embodiment of the
present invention, channel regions 344 or 384 are doped
monocrystalline silicon. When channel region 344 is doped,
it is typically doped to a p type conductivity level between
intrinsic and 4x10"° atoms/cm’. When channel region 384 is
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doped it is typically doped to a n type conductivity level
between intrinsic and 4x10'® atoms/cm>. In an embodiment
of the present invention, channel regions 344 and 384 are
doped to a concentration between 1x10'® -1x10'° atoms/
cm’. Channel regions 344 and 384 can be uniformly doped
or can be doped nonuniformly or with different concentra-
tions to provide particular electrical performance character-
istics. For example, channel regions 344 and 384 can include
well known “halo” regions, if desired.

[0033] By providing a gate dielectric 312 and a gate
electrode 320 which surrounds the semiconductor body 330
on three sides, the n type nonplanar transistor 310 is char-
acterized in having three channels and three gates, one gate
(g1) which extends between the source and drain regions on
side 331 of semiconductor body 330, a second (g2) which
extends between the source and drain regions on the top
surface 334 of semiconductor body 330, and a third (g3)
which extends between the source and drain regions on the
sidewall 332 of semiconductor body 330. As such, nonpla-
nar transistor 310 can be referred to as a tri-gate transistor.
The gate width (Gw) of the transistor 310 is the sum of the
width of the three channel regions. That is, gate width of
transistor 310 is equal to the height 336 of semiconductor
body 330 at sidewall 331, plus the width of semiconductor
body 330 at the top surface 334, plus the height 336 of
semiconductor body 330 at sidewall 332. Similarly, by
providing a gate dielectric 352 and a gate electrode 360
which surrounds a semiconductor body 370 on three sides,
nonplanar p type transistor 350 is characterized as having
three channels and three gates, one channel and gate (gl)
which extends between the source and drain regions on side
371 of semiconductor body 370, a second channel and gate
(g2) which extends between the source and drain regions on
the top surface 374 of semiconductor body 370, and a third
channel and gate (g3) which extends between the source and
drain regions on a sidewall 372 of semiconductor body 370.
As such, nonplanar transistor 350 can be referred to as a
tri-gate transistor. The gate “width” (Gw), a transistor 350 is
a sum of the width of the three channel regions. That is, the
gate width of the transistor 350 is equal to the height 376 of
semiconductor body 370 at sidewall 371, plus the width 373
of semiconductor body 370 at the top surface 374, plus the
height 376 of the semiconductor body 370 of sidewall 372.
Larger width n type and p type nonplanar transistor can be
obtained by using multiple devices coupled together (e.g.,
multiple silicon bodies 330 surrounded by a single gate
electrode 320 or multiple semiconductor bodies 370 sur-
rounded by a single gate electrode 360).

[0034] Because the channel regions 344 and 384 are
surrounded on three sides by gate electrode 320 and 360,
transistors 310 and 350 can be operated in a fully depleted
manner wherein when transistors 310 and 350 are turned
“on” the channel region 350 fully depletes thereby providing
the advantageous electrical characteristics and performance
of a fully depleted transistor. That is, when transistors 310
and 350 are turned “ON” a depletion region is formed in the
channel region along with an inversion layer at the surfaces
of the channel regions 344 and 384 (i.e., an inversion layer
is formed on the side surfaces and top surface of the
semiconductor body). The inversion layer has the same
conductivity type as the source and drain regions and forms
a conductive channel between the source and drain regions
to allow current to flow there-between. The depletion region
depletes free carriers from beneath the inversion layer. The
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depletion region extends to the bottom of channel regions
344 and 384, thus the transistor can be said to be a “fully
depleted” transistor. Fully depleted transistors have
improved electrical performance characteristics over non-
fully depleted or partially depleted transistors. For example,
operating transistors 310 and 350 in a fully depleted manner,
gives the transistors an ideal or very steep subthreshold
slope. Nonplanar transistors 310 and 350 can be fabricated
with very steep sub-threshold slope of less than 80 mV/de-
cade, and ideally about 60 mV/decade even when fabricated
with semiconductor body thicknesses of less than 30 nm.
Additionally, operating transistors 310 and 350 in the fully
depleted manner, transistors 310 and 350 have improved
drain induced barrier (DIBL) lowing effect which provides
for better “OFF” state leakage which results in lower leak-
age and thereby lower power consumption. In an embodi-
ment of the present invention the nonplanar transistors 310
and 350 have a DIBL effect of less than 100 mV/V and
ideally less than 40 mV/V. It is to be appreciated that
transistor 310 and 350 need not necessarily be operated in a
fully depleted manner, if desired (e.g., semiconductor bodies
can be made large so they do not fully deplete).

[0035] The transistors 310 and 350 of the present inven-
tion can be said to be a nonplanar transistor because the
inversion layer of the channel regions 344 and 384 are
formed in both the horizontal and vertical directions in
semiconductor bodies 330 and 370. The semiconductor
device of the present invention can also be considered a
nonplanar device because the electric field from the gate
electrode 320 and 360 are applied from both horizontal (g2)
and vertical sides (gl and g3).

[0036] In an embodiment of the present invention, as
illustrated in FIGS. 4A and 4B, the source/drain regions
comprise source/drain contact regions 490 and source/drain
extension regions 492. A pair of sidewall spacers 420 formed
along the sidewalls of gate electrodes 320 and 360 are used
to form and define the contact regions 490 and extension
regions 492. As better illustrated in FIG. 4B, which is a
cross-sectional view of the devices 310/350 taken through
the semiconductor bodies 330/370, the source/drain exten-
sion regions 492 comprise the portion of the source/drain
regions formed in the semiconductor body located beneath
sidewall spacers 420 and beneath a portion of the outside
edges of the gate electrode 320/360. The source/drain exten-
sions 492, which extend from the outside edge of spacer 420
to just under gate 320/360, are formed of the same conduc-
tivity type as a source/drain contact region 490 but are
formed to a lower concentration level than the source/drain
contact regions 490.

[0037] The source/drain contact regions 490 include the
portion of the source/drain regions adjacent to the outside
edges of the sidewall spacers 420 formed along the gate
electrode as shown and illustrated in FIGS. 4A and 4B. In
an embodiment of the present invention, the source/drain
contact regions 490 included a silicon or other semiconduc-
tor film formed on and around the semiconductor bodies
330/370 as shown in FIGS. 4A and 4B.

[0038] Semiconductor film 410 can be a silicon film or a
silicon alloy such as silicon germanium (Si,Ge,). In an
embodiment of the present invention the semiconductor film
410 is a single crystalline silicon film formed of the same
conductivity type as the source region and drain region. In
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an embodiment of the present invention the semiconductor
film can be a silicon alloy such as silicon germanium where
silicon comprises approximately 1 to 99 atomic percent of
the alloy and can even extend to pure (100%) Ge, or
alternatively be graded. The semiconductor film 410 need
not necessarily be a single crystalline semiconductor film
and in an embodiment can be a polycrystalline film. In an
embodiment of the present invention the semiconductor film
410 is formed on the source region and on the drain region
of semiconductor body to form “raised” source and drain
contact regions. Semiconductor film 410 is electrically iso-
lated from the gate electrode by the pair of dielectric
sidewall spacers 420 such as silicon nitride or silicon oxide
or composites thereof. Sidewall spacers 420 run along the
laterally opposite sidewalls of gate electrodes 320 and 360
as shown in FIG. 4A thereby isolating the semiconductor
film 410 from gate electrode as shown in FIG. 4A. An
embodiment of the present invention sidewalls spacers 420
have a thickness of between 20-300 A. By adding a silicon
or semiconductor film 420 to the source and drain regions of
the semiconductor body and forming “raised” source and
drain regions, the thickness of the source and drain regions
is increased thereby reducing the source/drain contact resis-
tance to transistors 310 and 350 and improving their elec-
trical characteristics and performance.

[0039] In an embodiment of the present invention the
source/drain contact regions 490 include a silicide film 430,
such as, but not limited to, titanium silicide, nickel silicide,
and cobalt silicide. In an embodiment of the present inven-
tion silicide film 430 is formed on a silicon film 410 on
silicon body 330 and silicon body 370 as shown in FIG. 4A
and 4B. Silicide film 430 however can also be formed
directly onto silicon bodies 330 and 370. For example,
silicide film 430 can be formed on silicon bodies 330 and
370 by first forming a silicon film such as an undoped silicon
film on silicon bodies 330 and 370 and then completely
consuming the silicon film during the silicide process.
Dielectric spacers 420 enables silicide film 430 to be formed
on semiconductor bodies 330 and 370 or on silicon film 410
in a self-aligned process (i.e., a salicide process).

[0040] In an embodiment of the present invention, the
doping concentrations of the source/drain extension regions
492 of the n type device and p type device along with the
doping concentration of the channel regions 344/384 are
designed so that an 0.9-1.1 eV difference is obtained
between the threshold voltage or work function of the gate
electrode for the n type device and the gate electrode for the
p type device even though the gate electrodes are formed
from the same midgap material or stack of materials. In an
embodiment of the present invention, the source/drain
extension doping and channel doping are able to effect a gate
electrode for the p type device with a threshold voltage or
work function between 4.9 t0 5.2 eV and a gate electrode for
the n type device with a threshold voltage or work function
between 3.9 to 4.2 eV when a mid-gap gate electrode
material is employed (e.g. a metal gate electrode with
stand-alone workfunction in the range 4.3-4.8 eV).

[0041] In an embodiment of the present invention, the
PMOS device 350 has a source/drain extension doping
between 1x10'°-1x10*! atoms/cm® and ideally a doping
between 1x10'°-5x10'° atoms/cm® with a channel doping
between intrinsic and 4x10"° atoms/cm? and ideally between
1x10'%-1x10'° atoms/cm® while the NMOS device has a
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source/drain extension doping between 1x10'7-1x10*!
atoms/cm® and ideally a doping between 1x10*°-5x10'°
atom%’/cm3 with a channel doping between intrinsic and
4x10 atoms/cm’ and ideally between 1x10%-1x10"° atoms/
cm’ so that the gate electrode 360 for the PMOS device 350
has threshold voltage or work function between 0.9-1.1 eV
greater than the threshold voltage or work function of the
gate electrode 320 of the n type device 310 when both gate
electrodes are fabricated from a material or stack of mate-
rials having a stand alone midgap work function between
4.3-4.8 eV and ideally between 4.4-4.5 eV.

[0042] As stated above the gate “width” of transistors 310
and 350 are equal to the sum of the three gate width created
from semiconductor bodies 330 and 370 respectively. In
order to fabricate the transistors with larger gate widths,
transistors 310 and 350 can include an additional or multiple
semiconductor bodies or fingers 330 and 370 as shown in
FIG. 4C. Each semiconductor body 330 and 370 has a gate
dielectric layer 312 and 352 formed on its top surface and
sidewalls as shown in FIG. 4C. Gate electrode 320 and 360
is formed on and adjacent to each gate dielectric 312 and 352
on each of the semiconductor bodies 330 and 370 as shown
in FIG. 4C. Each semiconductor body 330 also includes a
source region 340 and drain region 342 formed in each
semiconductor body 330 on opposite sides of gate electrode
320 as shown in FIG. 4C. Similarly, each semiconductor
body 370 also includes a source region 380 and drain region
382 formed in each semiconductor body 370 on opposite
sides of gate electrode 360 as shown in FIG. 4B. In an
embodiment of the present invention each semiconductor
body 330 is formed with the same width and height (thick-
ness) as the other semiconductor bodies 330. Similarly, in an
embodiment of the present invention each semiconductor
body 370 is formed with the same width and height (thick-
ness) as the other semiconductor bodies 370. In an embodi-
ment of the present invention each source region 340 and
drain region 342 of the semiconductor body 330 are elec-
trically coupled together by the doped semiconductor mate-
rial used to form semiconductor body 330 to form a source
landing pad 460 and a drain landing pad 480 as shown in
FIG. 4C. Similarly, in an embodiment of the present inven-
tion each source region 380 and drain region 382 of the
semiconductor body 370 are electrically coupled together by
the doped semiconductor material used to form semicon-
ductor body 370 to form a source landing pad 460 and a
drain landing pad 480 as shown in FIG. 4C. The landing
pads 460 and 480 are doped to the same conductivity type
and levels as the source and drain regions are for each of the
transistors 310 and 350. Alternatively, the source region 340
and drain regions 342 can be coupled together by higher
levels of metallization (e.g., metal 1, metal 2, metal 3. . .)
used to electrically interconnect various transistors 310 and
350 together into functional circuits. Similarly, the source
region 380 and drain regions 382 can be coupled together by
higher levels of metallization (e.g., metal 1, metal 2, metal
3 ... ) used to electrically interconnect various transistors
310 and 350 together into functional circuits. The gate width
of n type nonplanar transistor 310 as shown in FIG. 4C
would be equal to the sum of the gate width created by each
of'the semiconductor bodies 330 and the gate width of p type
nonplanar transistor 350 is equal to the sum of the gate
widths created by each of the semiconductor bodies 370. In
this way, the nonplanar transistors 310 and 350 can be
formed with any gate width desired.
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[0043] A method of forming a complimentary metal oxide
semiconductor integrated circuit having a n type nonplanar
transistor with a metal gate electrode and a p type nonplanar
transistor with a metal gate electrode utilizing a replacement
gate process is illustrated in FIG. 5A-5Z. Although a
process for forming a CMOS integrated circuit is illustrated
in FIGS. 5A-5Z, it is to be appreciated that one need not
necessarily form a CMOS integrated circuit and one can
form an integrated circuit comprising only n type nonplanar
devices with a metal gate electrodes or p type nonplanar
devices with metal gate electrodes, if desired. In such a case,
the processing steps to fabricate the unused transistor type
are eliminated. The fabrication of a CMOS integrated circuit
in accordance with this embodiment of the present inven-
tion, begins with a substrate 502. A silicon or semiconductor
film 508 is formed on substrate 502 as shown in FIG. 5A.
In an embodiment of the present invention, the substrate 502
is an insulating substrate, such as shown in FIG. 5A. In an
embodiment of the present invention, insulating substrate
502 includes a lower monocrystalline silicon substrate 504
and a top insulating layer 506, such as silicon dioxide film
or a silicon nitride film. Insulating layer 506 isolates semi-
conductor film 508 from substrate 504 and in an embodi-
ment is formed to a thickness between 200-2000 A. Insu-
lating layer 506 is sometimes referred to as a “buried oxide”
layer. When a silicon or a semiconductor film 508 is formed
on insulating substrate 502, a silicon or semiconductor on
insulating (SOI) substrate 500 is created. Although a silicon
on insulator (SOI) transistor is desired in embodiments of
the present invention, the present invention can be also
carried out on standard semiconductor substrates, such as
but not limited to monocrystalline silicon substrates and
gallium arsenide substrates.

[0044] Although semiconductor film 508 is ideally a sili-
con film, in other embodiments it can be other types of
semiconductor films, such as but not limited to germanium
(Ge), a silicon germanium alloy (Si,Ge,), I1I-V compounds
such as gallium arsenide (GaAs), InSb, GaP, GaSb, as well
as carbon nanotubes. In an embodiment of the present
invention, semiconductor film 508 is an intrinsic (i.e.,
undoped) silicon film. In an embodiment of the present
invention, the semiconductor film is a single crystalline film
with a <100> or a <110> crystal orientation with respect to
the Z axis (i.e., axis perpendicular to the plane of substrate
502). Typically, however, the semiconductor film 508 is
doped to a p type conductivity at locations 505 where n type
transistors are desired and is doped to a n type conductivity
at locations 503 where a p type transistor is desired. Semi-
conductor film 508 is typically be doped to a p type or n type
conductivity with a concentration level of between intrinsic
and 4x10'° atoms/cm® and ideally between 1x10'®-1x10"°
atoms/cm®. P type regions 505 and n type regions 503 can
be formed in semiconductor film 508 utilizing well known
photolithography masking and ion implantation techniques.

[0045] In an embodiment of the present invention, semi-
conductor film 508 has a thickness or height 509 of less than
30 nanometers and ideally less than 20 nanometers. In an
embodiment of the present invention, semiconductor film
508 is formed to the thickness approximately equal to the
gate “length” desired of the fabricated nonplanar transistor.
In an embodiment of the present invention, semiconductor
film 508 is formed thicker than desired gate length of the
device. In an embodiment of the present invention, semi-
conductor film 508 is formed to a thickness which will
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enable the fabricated nonplanar transistor to be operated in
a fully depleted manner for its designed gate length (Lg).

[0046] Semiconductor film 508 can be formed on insulat-
ing substrate 502 in any well-known method. In one method
of forming a silicon on insulator substrate, known as the
SIMOX technique, oxygen atoms are implanted at a high
dose into a single crystalline silicon substrate and then
anneal to form the buried oxide 506 within the substrate. The
portion of the single crystalline silicon substrate above the
buried oxide becomes the silicon film 508. Another tech-
nique currently used to form SOI substrates is an epitaxial
silicon film transfer technique which is generally referred to
as Smart Cut. In this technique a first silicon wafer has a thin
oxide grown on its surface that will later serve as the buried
oxide 506 in the SOI structure. Next, a high dose hydrogen
implant is made into the first silicon wafer to form a high
stress region below the silicon surface of the first wafer. This
first wafer is then flipped over and bonded to the surface of
a second silicon wafer. The first wafer is then cleaved along
the high stress plane created by the hydrogen implant. This
results in a SOI structure with a thin silicon layer on top, the
buried oxide underneath all on top of the single crystalline
silicon substrate. Well-known smoothing techniques, such as
HCl smoothing or chemical mechanical polishing (CMP)
can be used to smooth the top surface of semiconductor film
508 to its desired thickness.

[0047] At this time, if desired, isolation regions (not
shown) can be formed into SOI substrate 500 in order to
isolate the various transistors to be formed therein from one
another. Isolation regions can be formed by etching away
portions of the semiconductor film 508 surrounding a non-
planar transistor, by for example well-known photolitho-
graphic and etching techniques, and then back filling the
etched regions with an insulating film, such as SiO,. Alter-
natively, isolation regions can be formed prior to forming the
n type and/or p type doped regions 503 and 505 respectively.

[0048] Next, a hard mask material 510 is formed above
semiconductor film 508 as shown in FIG. 5B. Hard mask
material 510 is a material which can provide a hard mask for
the etching of thin film 510. A hard mask material is a
material which can retain its profile during the etching of
semiconductor film 508. Hard mask material 510 is a
material which will not etch or only slightly etch during the
etching of semiconductor film 508. In an embodiment of the
present invention, the hard mask material is formed of a
material such that the etchant used to etch semiconductor
film 508 will etch semiconductor film 508 at least 10 times
faster than the hard mask material. That is, in an embodi-
ment of the present invention, the semiconductor film 508
and the hard mask material 510 are chosen to provide an etch
selectivity of at least 10:1. In an embodiment of the present
invention, when thin film 508 is a silicon film, hard mask
materials 510 can be a silicon nitride or silicon oxynitride
film. Hard mask material 510 is formed to a thickness
sufficient to retain its profile during the entire etch of
semiconductor film 508 but is not to thick to cause difficulty
in its patterning. In an embodiment of the present invention,
hard mask material 510 is formed to a thickness between 3
nanometer to 20 nanometers and ideally to a thickness less
than 10 nanometers.

[0049] Next, as also shown in FIG. 5B, a photoresist film
512 is formed on hard mask layer 510. Next, the photoresist
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film 512 is patterned into a photoresist mask 514, as shown
in FIG. 5C. Photoresist mask 514 contains a feature pattern
to be transferred into thin film 508. Photoresist film can be
formed into a photoresist mask 514 by masking, exposing,
and developing the photoresist film 512 into a photoresist
mask 514 having a desired pattern for the thin film 508 to be
patterned. Photoresist mask 212 is typically formed of an
organic compound. Photoresist mask 514 is formed to a
thickness sufficient to retain its profile while patterning hard
mask film 510, but yet is not formed too thick to prevent its
lithographic patterning into the smallest dimension (i.e.,
critical dimension) possible with the photolithography sys-
tem and process used.

[0050] Next, as shown in FIG. 5D, hard mask material
510 is etched in alignment with photoresist mask 514 to
form a hard mask 516. Photoresist mask 514 prevents the
underlying portion of hard mask material 510 from becom-
ing etched. In an embodiment of the present invention, the
hard mask 516 is etched with an etchant which can etch the
hard mask material but does not etch the underlying semi-
conductor film 508. The hard mask material is etched with
an etchant that has almost perfect selectivity of the under-
lying thin film 508. That is, in an embodiment of the present
invention, hard mask etchant etches the hard mask material
at least 10 times faster than the underlying semiconductor
film 508 (i.e., etchant has an hard mask to thin film selec-
tivity of at least 10:1). When hard mask 510 is a silicon
nitride or silicon oxynitride film, hard mask material 510 can
be etched into a hard mask 516 utilizing a dry etch process,
such as reactive ion etching. In an embodiment of the
present invention, a silicon nitride or silicon oxynitride hard
mask is reactive ion etched over a silicon semiconductor
film 508 utilizing a chemistry comprising CHF; and O, and
Ar.

[0051] Next, as shown in FIG. 5E, after hard mask film
510 has been patterned into a hard mask 516, photoresist
mask 514 can be removed by well known techniques. For
example, photoresist mask 514 can be removed, for
example, utilizing a “piranha” clean solution which includes
sulfuric acid and hydrogen peroxide. Additionally, residue
from the photoresist mask 514 can be removed with an O,
ashing.

[0052] Although not required, it is desirable to remove
photoresist mask 514 prior to patterning thin film 508 so that
polymer film from the photoresist does not form on the
sidewall of the patterned semiconductor film 508. That is, it
is desirable to first remove the photoresist mask prior to
etching the semiconductor thin film to form fins or bodies for
the device because dry etching processes can erode the
photoresist mask and cause a polymer film to develop on the
sidewalls of the semiconductor body which can be hard to
remove and which can detrimentally effect device perfor-
mance.

[0053] Next, as shown in FIG. 5F, film 508 is etched in
alignment with hard mask 516 to form a semiconductor fin
or body 518 having a pair of laterally opposite sidewalls 519
for a n type device and a semiconductor fin or body 520
having a pair of laterally opposite sidewalls 521 for a p type
device. Hard mask 516 prevents the underlying portion of
film 508 from becoming etched during the etch process. The
etch is continued until the underlying 502 substrate is
reached. Film 508 is etched with an etchant which etches
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semiconductor film 508 without significantly etching hard
mask 516. In an embodiment of the present invention, film
508 is etched with an etchant which enables film 508 to be
etched at least 5 times and ideally 10 times faster than hard
mask 516 (i.e., etchant has an film 508 to the hard mask 516
etch selectivity of at least 5:1 and ideally at least 10:1). The
semiconductor film 508 can be etched utilizing any suitable
processes. In an embodiment of the present invention, film
508 is anisotropically etched so that the patterned bodies 518
and 520 have nearly vertical sidewalls 519and 521, respec-
tively, formed in alignment with the sidewalls of hard mask
516 thereby providing an almost perfect fidelity with hard
mask 516. When hard mask 516 is a silicon nitride or silicon
oxynitride hard mask, and semiconductor film 508 is a
silicon film, silicon film 508 can be etched utilizing a dry
etch process, such as a reactive ion etch (RIF) or a plasma
etch with a chemistry comprising Cl, and HBr.

[0054] Utilizing a hard mask 516 which does not signifi-
cantly etch while etching semiconductor film 508 enables
the profile in the hard mask to remain during the entire etch
of semiconductor film 508 insuring that the pattern in hard
mask 516 is perfectly transferred into bodies 418 and 520.
Generally, when a photoresist mask is used alone, the
etchant can cause a breakdown or erosion of the photoresist
mask altering the photoresist mask shape and therefore the
shape of the etched feature 518 and 520 transferred into
semiconductor film 508. Additionally, by removing the
photoresist mask prior to etching film 508, no polymer
residue is developed on the sidewalls 518 and 521 of the
patterned bodies 518 and 520, respectively, thereby leaving
pristine sidewalls 519 and 521.

[0055] Next, as shown in FIG. 5G, a protective layer 522
is formed onto the sidewalls 519 and 521 of the semicon-
ductor bodies 518 and 520, respectively. The protective
layer 522 is formed of a material and to a thickness sufficient
to protect the sidewalls 519 and 521 from the etchant used
to remove hard mask 516. As such, the protective layer is
formed of a material which will not be significantly etched
by the etchant which is used to remove the hard mask 516.
In an embodiment of the present invention, the protective
layer 522 is formed to a thickness sufficient to protect the
sidewalls of the bodies 518 and 520 while removing hard
mask 516. In an embodiment of the present invention, the
protective layer 522 is formed of a material whereby an
etchant can etch the hard mask 516 at least one hundred
times faster than the material used to form the sidewall
protective layer (i.e., the hard mask etchant has a hard mask
516 to protective layer 522 selectivity of at least 100:1).

[0056] In an embodiment of the present invention, when
the hard mask 516 is a silicon nitride or silicon oxynitride
film the sidewall protective layer 522 is an oxide layer, such
as a silicon dioxide layer. In an embodiment of the present
invention, the sidewall protective layer 522 is a passivating
layer grown on the sidewalls of a crystalline silicon bodies
518 and 520. In an embodiment of the present invention, the
protective layer 522 is a silicon dioxide film grown on the
sidewalls 519 and 521 of a silicon bodies 518 and 520
utilizing a wet chemical treatment with an aqueous solution
comprising hydrogen peroxide or an organic peroxide. In an
embodiment of the present invention, a silicon dioxide
passivating film 522 is grown on the sidewalls 519 and 521
of a silicon bodies 518 and 520 utilizing between 3-12% (by
volume) of unstablized (i.e., no organic stabilizers) hydro-
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gen peroxide and DI water. In an embodiment of the present
invention, the hydrogen peroxide solution is heated to a
temperature between 35-50° C. and ideally to 40° C. while
growing the silicon dioxide film 522. Megasonic energy
between 0.75 to 1.25 megahertz can be applied to the
chemical solution while the wafer is immersed in a chemical
bath to grow the film. The megasonic energy helps release
the O diradical from the hydrogen peroxide. In an embodi-
ment of the present invention, a thin protective layer
between about 5-7 A or about two monolayer of silicon
dioxide is formed on the sidewalls 519 and 521. The
advantage of the chemical solution described above, is that
such a process grows silicon dioxide film in a self limiting
manner. That is, the chemical treatment described above
grows a silicon dioxide film to approximately two mono-
layers and then the growth stops thereby providing a very
thin film of uniform thickness. In this way, the thickness of
the film is not tine dependent providing a manufacturable
and reliable growth method. In an embodiment of the
present invention, the substrate is immersed in the hydrogen
peroxide solution for at least five minutes. If a slightly
thicker (e.g., 3 monolayers) silicon dioxide protective layer
is desired the temperature of the solution can be increased.
Additionally another advantage of the present chemical
process used to grow a silicon dioxide film, is that it is not
dopant dependent. That is, the silicon dioxide film grows to
the same thickness on the sidewalls no matter how much
dopant is included on that portion of the sidewall. Addition-
ally, the aqueous solution provides a growth rate and self
limiting thickness which is independent of the crystal plane
of the patterned silicon bodies 518 and 520. In this way, a
very thin and uniform protective layer 522 can be formed in
a reliable and manufacturable manner.

[0057] Alternatively, other methods can be used to form
the protective layer 522. For example, a plasma or thermal
oxide can be grown on sidewalls 519 and 521 of a silicon
bodies 518 and 520, respectively. For example, a remote or
direct plasma process with an ambient comprising O, or O,
can be utilized to form a protective layer 522.

[0058] Next, hard mask 516 is removed from the top of
patterned film 516 as shown in FIG. 5G. Hard mask 516 is
removed with an etchant which can etch hard mask 516
without significantly etching sidewall protective layers 522.
In an embodiment of the present invention, the hard mask
516 is removed with an etchant which etches the hard mask
516 at least 100 times faster than the sidewalls 522 (i.e., the
etchant has a hard mask 516 to protective sidewall layer 522
selectivity of at least 100:1). In an embodiment of the
present invention, when the hard mask 516 is a silicon
nitride or silicon oxynitride film and the protective layer 522
is a silicon dioxide film, a wet chemistry comprising phos-
phoric acid and DI water can be used to remove the hard
mask 516. In an embodiment of the present invention, a hard
mask etchant comprising between 80-90% phosphoric acid
(by volume) and DI water, heated to a temperature between
150-170° C. and ideally 160° C. is used. In an embodiment
of the present invention, a small amount of (e.g., 100 ppm)
of silicon, such as TEOS, is dissolved into the phosphoric
acid solution in order to help increase its selectivity between
the hard mask 516 and sidewall protective layer. Such an
etchant will have an almost perfect selectivity between a
silicon nitride hard mask 516 and silicon dioxide 522
protective layer. Such an etchant would typically slightly
etch or pit unprotected sidewalls of a silicon bodies 518 and
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520, respectively. However, in the present invention, the
sidewalls 519 and 521 of the silicon bodies 518 and 520 are
protected from pitting or etching by protective sidewall layer
522. Thus, in the present invention, the protective sidewall
layers 522 enable the hard mask layer 516 to be removed
with an etchant which can etch or pit the patterned bodies
518 and 520.

[0059] In an embodiment of the present invention, after
removing the hard mask 516 the substrate can be cleaned
utilizing a standard SC1 and SC2 cleans. It is desirable to
clean the substrate after removal of the hard mask with
phosphoric acid because phosphoric acid typically includes
many metallic impurities which can affect device perfor-
mance and reliability.

[0060] Next, after removing hard mask 516 the sidewall
passivation or protective layer 522 are removed from bodies
518 and 520. In an embodiment of the present invention, the
sidewall protective layer 522 is removed with an etchant
which etches the sidewall passivation layer 522 without
significantly etching the semiconductor bodies 518 and 520.
In an embodiment of the present invention, the etch used to
remove the sidewall protective layer etches the sidewall
protective layer 522 at least 100 times faster than the
patterned bodies 518 and 520 (i.e., the etchant has a pro-
tective layer 522 to the bodies 520 and 520 selectivity of at
least 100:1). In an embodiment of the present invention,
when the sidewall protective layer 522 is a silicon dioxide
film and the semiconductor bodies 518 and 520 are silicon,
the sidewall protection layer 522 can be removed with an
aqueous solution comprising HF. In an embodiment of the
present invention, a silicon dioxide protective layer is
removed from a silicon bodies 518 and 520 utilizing a
solution comprising between 0.5-2% and ideally 1% (by
volume) HF in the DI water. In an embodiment of the present
invention, the HF solution is chilled to approximately 15° C.
Such an etchant will provide nearly perfect selectivity
between a patterned silicon body and the silicon dioxide
sidewall protection layer 522.

[0061] After removal of the sidewall protection layer 522,
a perfectly patterned semiconductor bodies 518 and 520
have been formed. Because of the sidewall protection layer
522, no etch or pitting has occurred on the sidewalls during
the removal of the hard mask 516 leaving pristine sidewalls
519 and 521 nearly identical to their original form after the
etch shown in FIG. 5F.

[0062] Tt is to be appreciated that although a single semi-
conductor body is shown for each device type for simplicity
of illustration, it is to be appreciated that, if desired, each
device type may contain multiple semiconductor bodies 518
and 520 as illustrated in FIG. 4C. Similarly, although
source/drain landing pads are not shown in FIG. 51, source/
drain landing pads can be formed at this time in order to
connect together various source regions and to connect
together various drain regions of the fabricated transistor.

[0063] In an embodiment of the present invention, the
semiconductor bodies 518 and 520 have a width 514 which
is equal to or greater than the width desired for the gate
length (Lg) of the fabricated transistor. In this way, the most
stringent photolithography constraints used to fabricate the
transistor can be associated with the gate electrode pattern-
ing and not the semiconductor body of fin definition. In an
embodiment of the present invention, the semiconductor
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bodies or fins 518 and 520 have a width 514 less than or
equal to 30 nanometers and ideally less than or equal to 20
nanometers. In an embodiment of the present invention, the
semiconductor bodies or fins 518 and 520 have a width 514
approximately equal to the semiconductor body height 509.
In an embodiment of the present invention, the semicon-
ductor bodies 518 and 520 have a width 514 which is
between one half the semiconductor body height 509 and
two times the semiconductor body height 509. It is to be
appreciated that, if desired, semiconductor bodies 518 and
520 need not necessarily be formed to the same width.

[0064] Although semiconductor bodies 518 and 520 have
been formed utilizing a “subtractive” or a “top down”
approach as illustrated in FIGS. 5A-51, it is to be appreci-
ated that alternatively, they can be formed utilizing an
“additive” or “bottom up” approach whereby semiconductor
bodies 518 and 520 are selectively grown or deposited in
place atop the substrate 502 without requiring a subtractive
etch of a blanket deposited film. Examples of such semi-
conductor bodies include, but are not limited to, Group IV
nanowires (e.g. Si, Ge, or Ge encased in Si) and semi-
conducting carbon nanotubes. Placement approaches of said
structures can involve spin-on of pre-formed materials or
directed growth/assembly into a pre-disposed pattern in the
substrate 502.

[0065] After the patterning of a semiconductor film to
form the semiconductor bodies 510 and 512 (and source/
drain landing pads, if desired) a sacrificial gate dielectric
layer 522 and a sacrificial gate electrode 604 are formed over
the top surface and sidewalls of the silicon bodies 510 and
512 as shown in FIG. 5J and 5K. In order to form the
sacrificial gate dielectric 522 and sacrificial gate electrode
524, first a sacrificial gate dielectric layer 522 is formed over
the top surface of the sidewalls of the semiconductor bodies
518 and 520. The sacrificial gate dielectric 522 is ideally
formed from a material which will not sufficiently etch
during the removal or etching of the sacrificial gate electrode
material so that it can protect the underlying semiconductor
bodies 518 and 520 when the sacrificial gate electrode is
subsequently removed. This is especially important when
the sacrificial gate electrode material and semiconductor
body are formed from the same material, such as silicon. In
an embodiment of the present invention, the sacrificial gate
dielectric 522 is an oxide, such as silicon dioxide formed to
a thickness between 10-30 A. If the sacrificial gate dielectric
is a grown dielectric it will form only on the exposed
surfaces of the semiconductor bodies 518 and 520 and not on
the insulating substrate 502. If the sacrificial gate dielectric
is a deposited film it will be blanket deposited onto the
insulating substrate 502 as well as the semiconductor bodies
518 and 520. It is to be appreciated that, if a replacment gate
dielectric process is not desired, the actual gate dielectric as
opposed to the sacrificial gate dielectric may be formed at
this time.

[0066] Next, a sacrificial gate electrode material 524 is
blanket deposited over the substrate as shown in FIG. 5K.
The sacrificial gate electrode material is formed over the
sacrificial gate dielectric layer formed on the sidewalls 519
and 521 and top surfaces 515 and 517, respectively, of
semiconductor bodies 518 and 520, respectively. In an
embodiment of the present invention, the sacrificial gate
electrode material is polycrystalline silicon.
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[0067] In an embodiment of the present invention, the
sacrificial gate electrode material 524 is deposited to a
thickness or height of at least three times the height of the
semiconductor bodies 518 and 520. In an embodiment of the
present invention, the sacrificial gate electrode material 524
is formed to a thickness between 200-3000 A. After depo-
sition, the gate electrode material 524 can be planarized by,
for example, chemical mechanical planarization in order to
form a gate electrode film with a smooth top surface. Such
a smooth top surface will aid in the subsequent patterning of
the sacrificial gate electrode.

[0068] After deposition and planarization (if desired) of
gate electrode material 524, a hard mask material 526, is
deposited onto the top surface gate of the sacrificial elec-
trode material 524 as shown in FIG. 5K. The hard mask
material 526 is formed of a material which will not be
significantly etched or eroded by the etchant subsequently
used to pattern the sacrificial gate electrode material into a
sacrificial gate electrode. In an embodiment of the present
invention, when the sacrificial gate electrode material is
polycrystalline silicon, the hard mask material can be, for
example, a silicon nitride or silicon oxynitride film. The hard
mask material helps improve the anisotropic patterning of
the gate electrode material 520. Additionally, the hard mask
material is utilized to seal the top surface of the sacrificial
gate electrode during subsequent silicon and silicide forma-
tion processes. In an embodiment of the present invention,
the total thickness of a sacrificial gate electrode material 524
and the hard mask material 526 is approximately equal to the
height desired for the subsequently formed gate electrode for
the n type and p type devices. Additionally, in an embodi-
ment of the present invention, the hard mask material is
formed to a thickness greater than the height of semicon-
ductor bodies 518 and 520 and ideally to a height at least 1.5
times greater than the height of semiconductor bodies 518
and 520. In this way, during the subsequent formation of
sidewall spacers, the spacer etch can remove the spacer
material from the sidewalls of the semiconductor bodies 518
and 520 without recessing the top surface of the spacers
below the bottom of the hard mask thereby insuring that the
sacrificial gate electrode material is sealed by the sidewall
spacers and the hard mask. In an embodiment of the present
invention, when the semiconductor bodies 518 and 520 have
a height of approximately 30 nanometers, the hard mask
material can be formed to a thickness of approximately 50
nanometers.

[0069] Next, as shown in FIG. 5L the hard mask material
526 and the sacrificial gate electrode material 524 are
patterned into hard mask 527 and sacrificial gate electrodes
528 for the n type transistor and the p type transistor. Well
known photolithography and etching techniques can be used
to pattern the gate electrode material 524 into a sacrificial
gate electrode 528. In order to pattern hard mask material
and the sacrificial gate electrode material 524 into a hard
mask and a sacrificial gate electrode 528, a photoresist
material can be blanket deposited over the hard mask
material 526. Photolithography techniques, such as masking,
exposing and developing can then be used to pattern the
photoresist material into photoresist mask which defines the
location where sacrificial gate electrodes 528 are desired. In
an embodiment of the present invention, the photolithogra-
phy process used to define the gate electrodes, utilizes the
minimum or smallest dimension lithography process used to
fabricate the nonplanar transistors. Next, the hard mask layer
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526 is etched in alignment with the photoresist mask to form
the hard mask 527. The hard mask material can be patterned
with any technique well known in the industry such as
utilizing a reactive ion etching. In an embodiment of the
present invention, a silicon nitride or silicon oxynitride hard
mask is reactive ion etched over a polysilicon sacrificial gate
electrode material 524 utilizing a chemistry comprising
CHF, and O, and Ar. Next, the sacrificial gate electrode
material 524 is etched in alignment with the hard mask 527.
The hard mask is formed of a material which does not
significantly etch or erode during the sacrificial gate elec-
trode etch, so that the fidelity between a pattern formed in
the hard mask is continued into the polysilicon layer 524
during the sacrificial gate electrode etch. It is to be appre-
ciated that the sacrificial gate electrode etch can erode the
photoresist mask and cause inaccurate etching of the sacri-
ficial gate electrode material if a hard mask is not utilized.
The sacrificial gate electrode etch is continued until the
underlying sacrificial gate dielectric 522 is reached. In an
embodiment of the present invention, when the hard mask is
a silicon nitride or silicon oxynitride film and the sacrificial
gate electrode material is polysilicon, a reactive ion etch
with a chemistry comprising C12 and HBr can be used. The
sacrificial gate dielectric layer can be patterned at this time
in alignment with the sacrificial gate electrode as shown in
FIG. 5L.

[0070] Next, the source and drain regions of the p type and
n type transistors are formed in the semiconductor bodies
510 and 512 respectively. In an embodiment of the present
invention, source and drain regions of the n type and p type
transistors include tip or source/drain extensions. In order to
fabricate source/drain extensions or tip regions for the p type
device a photoresist mask 530 can be formed over the n type
transistor region and the p type transistor region left masked
or exposed as shown in FIG. SM. Next, p type dopants are
placed within the exposed portions of the semiconductor
body 520 which are not covered by gate electrode 528. The
semiconductor body 520 is doped in alignment with the
outside edges of the sacrificial gate electrode 528 to form p
type source/drain extensions 534. In an embodiment of the
present invention, the semiconductor body 520 is doped by
ion-implantation. In an embodiment of the present inven-
tion, the ion-implantation occurs in a vertical direction (i.e.,
perpendicular to the substrate) as shown in FIG. 5M. The
photoresist mask 530 prevents the n type device from being
implanted with p type dopants. Hard mask 527 and sacrifi-
cial gate electrode 528 acts as a mask to prevent the
ion-implantation step from doping the channel region 532 of
the p type transistor. The channel region 532 is a portion of
the semiconductor body 520 located beneath or surrounded
by sacrificial gate electrode 528. It is to be appreciated that
other methods, such as solid source diffusion may be used to
dope the semiconductor body 520 to form the tip regions
534, if desired. In an embodiment of the present invention,
p type source/drain extension regions are formed with
doping concentration level between 1x10'°-1x10*" atoms/
cm® and ideally between 1x10'°-5x10'° atoms/cm® when
the channel region 532 is between intrinsic and doped to
4x10 atoms/cm’ and ideally between 1x10"® atoms/cm® and
1x10'? atoms/cm? in order to provide a gate electrode for the
p type device with a threshold voltage or work function
between 4.9 to 5.2 eV, and ideally between 5.0-5.1 eV when
the gate electrode is formed from a material or stack of
materials having a midgap work function between 4.3 and
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4.8 eV and ideally between 4.4-4.5 eV. P type source/drain
extension regions can be formed in a silicon semiconductor
body 520 by ion implanting boron atoms at a dose around
1x10 " atoms/cm? and an energy between 500 eV and 2 keV
and ideally an energy between 600-700 eV. Next, the pho-
toresist mask 530 is removed with well known techniques.

[0071] Next, as shown in FIG. 5N, n type source/drain tip
or extension regions 536 can be formed in semiconductor
body 510 on opposite sides of gate electrode 526. In order
to form n type source/drain extensions 536, a photoresist
mask 538 can be formed over the region of the substrate
containing the p type device and the n type region left
unmasked as shown in FIG. 5N. Next, n type dopants, such
as arsenic or phosphorous are placed within the exposed
portions of semiconductor body 518 to form n type source/
drain extensions 536. Photoresist mask 538 prevents the p
type device from being implanted with n type dopants. In an
embodiment of the present invention, the ion implantation
occurs in a vertical direction (i.e., in a direction perpendicu-
lar to substrate 502) as shown in FIG. 5N. Sacrificial gate
electrode 528 and hard mask 527 prevent the channel region
538 of the n type device from becoming implanted with n
type impurities. In an embodiment of the present invention,
n type source/drain extension regions 536 are formed with a
doping concentration level between 1x10'°-1x10*" atoms/
cm® and ideally between 1x10'°-5x10'° atoms/cm® when
the channel region 538 is bewteen intrinsic and doped to
4x10  atoms/cm’ and ideally between 1x10'® atoms/cm>
and 1x10'? atoms/cm in order to provide a gate electrode for
the n type device with a threshold voltage or work function
between 3.9 to 4.2 eV and ideally between 4.0-4.1 eV when
the gate electrode is formed from a material or stack of
materials having a midgap work function of, for example,
between 4.3 to 4.8 eV and ideally between 4.4-4.5 eV. N
type source/drain extensions can be formed by ion implant-
ing arsenic or phosphorous atoms into a silicon semicon-
ductor body 520 at a dose around 1x10'° atoms/cm> and an
energy between 500 eV-2 KeV and ideally between 600-800
eV. Next, the photoresist mask 538 is removed with well
known techniques.

[0072] In embodiments of the present invention, (halo)
regions can be formed in the semiconductor bodies 518 and
520 prior to the formation of the source/drain regions or
source/drain extension regions. Halo regions are doped
regions formed in the channel regions 538 and 532 of the
device and are of the conductivity but of slightly higher
concentration than the dopant of the channel region of the
device. Halo regions can be formed by ion implanting
dopants beneath the gate electrodes 526 and 528 utilizing
large angled ion implantation techniques.

[0073] Next, dielectric sidewalls spacers 540 are formed
on the sidewalls of sacrificial gate electrodes 528 as shown
in FIG. 50. Spacers 540 can be formed by blanket depos-
iting a conformal dielectric film, such as but not limited to
silicon nitride, silicon oxide, silicon oxynitride or combina-
tion thereof over the substrate including the sacrificial gate
electrodes 528 and semiconductor bodies 518 and 520. The
dielectric film is deposited in conformal manner so that it
forms to substantially equal heights on vertical surfaces,
such as the sidewalls of the sacrificial gate electrodes 528,
as well as on horizontal surfaces, such as in the top of the
semiconductor bodies 518 and 520 and on hard mask 527 on
the top of the sacrificial gate electrodes 528. In an embodi-
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ment of the present invention, the dielectric film is a silicon
nitride film formed by a hot wall, low pressure chemical
vapor deposition (LPCVD) process. The deposited thickness
of'the dielectric film determines the width or thickness of the
formed spacers. In an embodiment of the present invention,
the dielectric film is formed to a thickness between 20-200
A. Next, the dielectric film is anisotropically etched by, for
example, plasma etching or reactive ion etching to form the
sidewall spacers 540. The anisotropic etch of the dielectric
film removes the dielectric film from horizontal surfaces,
such as top of hard mask 527 and leaves dielectric sidewalls
spacers 540 adjacent to the vertical surfaces, such as the
sidewalls of sacrificial gate electrodes 528. The etch is
continued for sufficient period of time to remove the dielec-
tric film from all horizontal surfaces. In an embodiment of
the present invention, an over etch is utilized so that the
spacer material on the sidewalls of the semiconductor bodies
518 and 520 is removed as shown in FIG. 50. The result is
the formation of sidewall spacers 540 which run along and
adjacent to the sidewalls of gate electrodes 528 as shown in
FIG. 50. In an embodiment of the present invention, by
making the hard mask 527 at least as thick as the height of
the semiconductor bodies 518 and 520, the spacer etch can
be continued or over etched long enough to insure that the
spacer material clears from the sidewalls of the semicon-
ductor body and still have the top of the spacers 540 above
the bottom surface of the hard mask to insure that the
sacrificial gate electrode is completely encapsulated by the
hard mask 527 in sidewall spacers 540 as shown in FIG. 50.
It is to be appreciated that for illustration purposes only that
the spacers 540 are not shown wrapping around the sacri-
ficial gate electrode 520 in the front, so that the height of the
spacer material relative to the hard mask and sacrificial gate
electrode can be better illustrated. It is to be appreciated that
spacer material does wrap around the front of the gate
electrodes, as illustrated by dash line 541, so that the
sacrificial gate electrode is entirely encapsulated by spacer
540 and hard mask 527.

[0074] Next, if desired, a semiconductor film 542 can be
formed on the exposed surfaces of semiconductor bodies
518 and 520 (as well as on landing pads, if used) as shown
in FIG. 5P. The semiconductor film can be a single crys-
talline film or a polycrystalline film. In an embodiment of
the present invention, the semiconductor film 542 is an
epitaxial or (single crystalline) silicon film. In an embodi-
ment of the present invention, the silicon film 542 is formed
by a selective deposition process whereby silicon is formed
only on exposed regions which contain silicon, such as the
exposed top surface and sidewalls of silicon bodies 518 and
520. In a selective deposition process, a silicon film does not
form on dielectric areas, such as sidewall spacers 540 or on
hard mask 527. Hard mask 527 and spacers 540 entirely
encapsulate sacrificial gate electrode 528 so that no silicon
is deposited onto the sacrificial gate electrode when the
sacrificial gate electrode is formed from polysilicon. In an
embodiment of the present invention, a silicon film 542 is
formed to a thickness between 50-500 A. In an embodiment
of the present invention, the silicon film is formed to a
thickness sufficient to provide enough silicon to be used or
consumed during the formation of a silicide film on the
source and drain regions. In an embodiment of the present
invention, the deposited silicon film 542 is an intrinsic
silicon film (i.e., an undoped silicon film). An epitaxial
silicon film can be selectively deposited by a chemical vapor
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deposition process utilizing a chemistry comprising silane
and helium at a deposition temperature between 800-850
degrees Celsius. The deposition of a semiconductor film 542
creates raised source and drain regions which improves the
parasitics of the transistors.

[0075] Next, in an embodiment of the present invention, as
shown in FIGS. 5Q and 5R, the deposited silicon film 542
is doped to the conductivity and density desired for the
source and drain contact regions. For example, as shown in
5Q, a photoresist mask 544 is formed over the region of the
substrate for the n type device and the p type device left
unmasked. Next, an ion implantation step is utilized to
implant p type conductivity ions, such as boron, into the
deposited semiconductor film 542 as well as into the semi-
conductor body 512 to form heavily doped source/drain
regions for the p type device. The ion implantation process
can dope the deposited silicon film 542 and the silicon body
520 located underneath to a p type conductivity type with a
concentration between 1x10°° to 1x10>' atoms/cm> to form
a source contact region 546 and a drain contact region 548.
Sidewall spacers 540 offset the heavy source/drain implan-
tation step and define the tip regions as the regions of the
doped semiconductor body 520 beneath sidewall spacers
540. The above referenced process form a source region and
a drain region which each comprise a tip region 534 and a
contact regions 546 and 548. The tip region 534 is a region
of the semiconductor body 520 located beneath the sidewall
spacers 540. The contact regions 546 and 548 are the region
of the semiconductor body and deposited silicon film which
are adjacent to the outside edge of the sidewall spacers 540.
Photoresist mask 544 can then removed.

[0076] Next, as shown in FIG. 5R, a photoresist mask 550
is formed over the p type device region of the substrate and
the n type region left unmasked. Next, n type conductivity
ions, such as arsenic and phosphorous, are ion implanted in
alignment with the outside edges of spacers 540 into the
semiconductor film 542 as well as into the semiconductor
body 518 located beneath. The ion implantation process
dopes the deposited silicon film 542 and the silicon body, 518
located underneath to a concentration between 1x10 -1x
10?! atoms/cm® to form a source contact regions 552 and a
drain contact region 554. The sidewall spacers 540 offset the
n type source/drain contact implantation step and define the
n type tip regions 536 as a region of the doped semicon-
ductor body 518 located beneath sidewall spacers 540. After
forming the source/drain contact regions 552 and 554 the
photoresist mask 550 can be removed.

[0077] It is to be noted, at this time the implanted dopants
which from the tip regions 536 and 534 and the source/drain
contacts regions are not yet activated. That is, they have
been implanted into the semiconductor material but sit in
interstitial sites and have not yet been incorporated into the
semiconductor or silicon crystal lattice. A high temperature
anneal is required to activate the dopants. In an embodiment
of the present invention, the dopants are activated with a
rapid thermal anneal process at a temperature between
600-1100° C. for a time between 1-60 seconds in a atmo-
sphere comprising argon and nitrogen. Alternatively, the
source/drain dopants can be activated by the anneal used to
subsequently form silicide on the transistor as described
below.

[0078] Next, as shown in FIG. 58, a refractory metal
silicide layer 560 can be formed on the source and drain
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contact regions of the p type and n type devices. A refractory
metal silicide film 560 can be formed with a self-aligned
process, such as a silicide process. In a salicide process, a
refractory metal film, such titanium, tungsten, nickel, colbalt
are blanket deposited over the substrate and silicon films
formed on the semiconductor bodies 518 and 520 and gate
electrode 528. The substrate is then heated to a suitable
temperature to cause a refractory metal film to react with
silicon portions of the substrate, such as silicon film 542
formed on semiconductor bodies 518 and 520. Locations
where silicon is unavailable to react, such as dielectric
spacers 540, hard mask 527 and exposed portions of buried
oxide 506 do not react and remain as unreacted refractory
metal. Hard mask 527 and spacers 540 prevent silicide from
forming on polysilicon sacrificial gate electrode 528. As
selective etch, such as a wet etch, can then be utilized to
remove the unreacted refractory metal and leave refractory
metal silicide 560 on the contact areas. In this way, metal
silicide films can be self-aligned to the contact regions of the
nonplanar transistors.

[0079] Next, as shown in FIG. 5T, a sacrificial dielectric
layer 570 is blanket deposited over the substrate 502. The
dielectric layer 570 is formed to a thickness sufficient to
completely cover the substrate including sacrificial gate
electrodes 528 and hard mask 527. A dielectric layer 570 is
formed of a material which can be selectively etched with
respect to hard mask 527 and sacrificial gate electrode 528.
That is, a sacrificial dielectric material 570 is formed of a
material whereby the sacrificial gate electrode 528 can be
removed without significantly etching away the dielectric
layer 570. In an embodiment of the present invention, the
sacrificial dielectric layer is silicon dioxide. After blanket
depositing the dielectric layer, the dielectric layer is pla-
narized, such as by chemical mechanical planarization, until
the top surface of the dielectric film is planar the hard mask
527 on the sacrificial gate electrodes 528 as shown in FIG.
5T.

[0080] By planarizing down to the hard mask 527 as
opposed to the sacrificial gate electrode 528, more sacrificial
dielectric layer 570 is preserved insuring that subsequent
polishing steps and other processes do not reveal or expose
a semiconductor bodies 518 and 520 lying below. Addition-
ally, polishing to the hard mask as oppose to the sacrificial
gate electrode provides a single material (sacrificial dielec-
tric layer 570) to be polished insuring that a uniform polish
occurs and prevents dishing which may occur if attempting
to polish both sacrificial dielectric layer 570 and hard mask
layer 527.

[0081] Next, as shown in FIG. 5U, the hard mask 527 is
removed. In an embodiment of the present invention, when
hard mask 527 is a silicon nitride or silicon oxynitride film
and sacrificial dielectric layer 570 is a silicon oxide film,
hard mask 527 can be removed utilizing an etchant com-
prising phosphoric acid at 160 degrees Celsius. Removal of
hard mask 527 exposes the top surface of sacrificial gate
electrode 528 as illustrated in FIG. 5U.

[0082] Next, as shown in FIG. 5V, sacrificial gate elec-
trodes 528 is now removed. After removing sacrificial gate
electrodes 528, the sacrificial gate oxides are removed.
Removal sacrificial gate electrode 528 and the sacrificial
gate dielectric layer exposes the channel region 532 of the
semiconductor body 520 of the nonplanar p type device and
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the channel region 538 of the semiconductor body 518 of the
n type device. Additionally, removal of the sacrificial gate
electrodes 528 forms openings 572 in dielectric layer 570
where the gate electrodes for the n type and p type device
will subsequently be formed. In an embodiment of the
present invention, the polysilicon sacrificial gate electrodes
528 are removed utilizing a wet etchant comprising tetram-
ethylammonium hydroxide and water. In an embodiment of
the present invention, tetramethylammonium hydroxide
comprises between 10-35% of the solution by volume. In an
embodiment of the present invention, the tetramethylammo-
nium hydroxide solution is heated to a temperature between
60-95° C. during the etching. In an embodiment of the
present invention, sonic energy such as, ultrasonic or megas-
onic energy, is applied during the etch process. Sonic energy
provides agitation to the etchant which enables etch residue
from altered sacrificial gate electrode to be removed from
opening 572 and allows new etchant to enter into trench 572
to etch the sacrificial gate electrodes 528.

[0083] In an embodiment of the present invention, the
sacrificial gate electrode etchant is selective to the sacrificial
gate dielectric layer (i.e., does not etch or only slightly
etches sacrificial gate dielectric) so that the sacrificial gate
dielectric 522 acts as an etch stop for the sacrificial gate
electrode 528 etch. In this way, the underlying channel
regions of semiconductor bodies 518 and 520 are protected
from the etchant. A sacrificial gate electrode to sacrificial
gate dielectric etch selecting of at least 10:1, is desired.

[0084] Next, the sacrificial gate dielectric is removed. In
an embodiment of the present invention, the sacrificial gate
dielectric is an oxide and can be removed with an etchant
comprising aqueous hydrofluoric acid. In an embodiment of
the present invention, a 1-2% HF by volume in water etchant
is used. Removal of the sacrificial gate dielectric layer with
the HF aqueous solution creates a silicon surface with a high
concentration of hydride termination (i.e., Si—H) making
the surface hydrophobic.

[0085] TItis to be appreciated that if the gate dielectric layer
was formed during step shown FIG. 5J, as opposed to the
sacrificial gate dielectric layer, then the gate dielectric layer
would not be removed so that it could become part of the
device.

[0086] Next, as shown in FIGS. 5W, a gate dielectric
layer 580 is formed on and around semiconductor body 518
and semiconductor body 520. That is, a gate dielectric layer
580 is formed on the top surface 515 of semiconductor body
518 as well on the laterally opposite sidewalls 519 of
semiconductor body 518. Additionally, the gate dielectric
layer 580 is formed on the top surface 517 as well on the
laterally opposite sidewalls 521 of semiconductor body 520.
The gate dielectric layer can be a deposited or grown
dielectric layer. In an embodiment of the present invention,
the gate dielectric layer 516 is a silicon dioxide dielectric
film grown with a dry/wet oxidation process. In an embodi-
ment of the present invention, a silicon oxide film is grown
to a thickness of between 5-50 A. In an embodiment of the
present invention, the gate dielectric layer 580 is a deposited
dielectric, such as but not limited to a high dielectric
constant film, such as a metal oxide dielectric, such as
tantalum pentoxide (Ta,O5) and titanium oxide (TiO,),
tantalum oxide, hafnium oxide, zirconium oxide, aluminum
oxide, lanthanum oxide, lanthanum aluminum oxide and



US 2006/0071275 Al

silicates thereof or other high K dielectrics, such as PZT and
BST. A high dielectric constant film can be formed by any
well known technique, such as but not limited to chemical
vapor deposition (CVD) or atomic layer deposition (ALD).
When the dielectric film is a deposited film, it will also form
on the exposed surfaces of a buried oxide layer 506 as shown
in FIG. 5W.

[0087] In an embodiment of the present invention, when
the gate dielectric layer is a high k dielectric layer formed by
atomic layer deposition (ALD), the surface of the exposed
semiconductor bodies are exposed to a surface treatment
which makes the hydrophobic surface hydrophilic so that a
highly uniformed metal oxide dielectric layer can be depos-
ited. In an embodiment of the present invention, the surface
treatment solution comprises hydrogen peroxide. In an
embodiment of the present invention, the surface treatment
is a solution containing 5-10% by weight unstabilized
hydrogen peroxide in ultra-pure deionized water at a tem-
perature between 35 and 45 degrees Celsius and a duration
of at least 5 minutes and not exceeding 30 minutes. In one
embodiment, the solution is agitated by mega-sonic energy
in the frequency range of 750-1250 kHz with power dissi-
pation between 1-5 W/cm2. The resulting surface termina-
tion appended to the silicon substrate is comprised mostly of
hydroxide substituents (i.e., Si—OH). Such termination
enables the inception of the first layer of what will become
the high K dielectric layer. Next, the wafer or substrate is
moved into an atomic layer deposition (ALD) chamber
which is evacuated and heated to a temperature between
350-450° C. and an ALD precusor provided into the cham-
ber and volatilized. In an embodiment of the present inven-
tion, the ALD precursor is a metal halide, such as but not
limited to HfCl,, LaCl; and ZrCl,. In an embodiment of the
present invention, a short “pulse” of the ALD precusor is
provided. Via a substitution reaction, the hydrogen from one
of'the hydroxide groups associates with a halide ligand (e.g.,
Cl) from the metal halide ALD precursor, favorably forming
gaseous hydrogen halide (e.g. hydrogen chloride). The gas-
eous by-product (e.g., hydrogen chloride) is removed in
vacuo, driving the reaction to continue to favor the by-
products. Exposure to the ALD precusor forms a continuous
monolayer of a metal halide, for example, a trichloro-
hafnium-oxo substituent or a trichloro zirconium-oxo sub-
stituent on the silicon surface. When a contiguous mono-
layer of metal halide has formed on the substrate through the
above described association process, the reaction stops. The
flow of the ALD precursor is then stopped and a short pulse
of water vapor is provided into the chamber. The treatment
by water vapor converts all remaining halide groups on the
metal halide on the wafer surface to hydroxide groups,
providing a bed of hydrophilic substituents reminiscent of
the silicon surface post treatment with hydrogen peroxide.
Next, a second monolayer of high k dielectric can be formed
in the same manner, by exposing the substrate to a second
short pulse of ALD precursor and a second short pulse of
wafer vapor. Continual cycles of ALD precursor exposure
and wafer vapor exposure can be used until the desired
thickness of the high k gate dielectric layer is obtained.

[0088] Next, as also shown in FIG. SW, a gate electrode
film 582 is blanket deposited over the gate dielectric layer.
The gate electrode film 582 is used to form the gate
electrodes for the n type and p type nonplanar transistors.
The gate electrode film 520 includes at least a lower metal
layer 584 formed directly on or adjacent to the gate dielectric
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layer 580. Gate electrode film 582 can be a single metal film
or can be a composite film formed of multiple layers. In an
embodiment of the present invention, the gate electrode film
582 produces a midgap work function between an n type
device and a p type device. In an embodiment of the present
invention, the gate electrode film 582 produces a stand alone
work function between 4.2-4.8 eV and ideally between
4.4-4.5 eV. In an embodiment of the present invention, the
gate electrode film 582 comprises a composite stack which
includes a lower metal layer 584, such as TiN, formed in
direct contact with the gate dielectric layer 580 and an upper
metal film 584, such as tungsten or copper. In an embodi-
ment of the present invention the lower metal film is a metal
selected from the group consisting of the nitrides and
carbides of titanium, hafnium and tantalum, with a stand
alone work function that is between 4.2-4.8 eV and ideally
between 4.4-4.5 eV. In an embodiment of the present inven-
tion, the upper metal film is between 5-30 times thicker than
the lower film. In an embodiment of the present invention,
the gate electrode has a lower metal film between 25-100 A
thick and an upper metal film between 500-3000 A thick. In
an embodiment of the present invention, the lower metal
film is formed thick enough to set the work function for the
gate electrode material. The gate electrode film 582 can be
formed by any well known method, such as but not limited
to chemical vapor deposition (CVD), atomic layer deposi-
tion (ALD) and sputtering.

[0089] Next, as shown in FIG. 5X, the gate electrode
material 582 and gate dielectric layer 580 formed on the top
surface of dielectric film 570 are removed from the top
surface of dielectric film 570 to form the gate electrode 590
for the p type device and form the gate electrode 588 for the
n type device. The gate dielectric layer and gate electrode
material 582 formed on top of the sacrificial dielectric layer
570 can be removed by, for example, chemical mechanical
polishing or other suitable means.

[0090] By removing the sacrificial gate electrode and hard
mask p type and n type device simultaneously and by
utilizing a single type of material for the p type and n type
gate electrodes, fewer processing steps are required to form
the p type and n type gate electrodes with a replacement gate
process. In this way, the sacrificial dielectric layer 570 is
better preserved during processing insuring that the under-
lying semiconductor bodies 518 and 520 are not affected by
erosion of the sacrificial gate dielectric layer. In this way, a
robust and manufacturable process is obtained for forming
the gate electrodes in a replacement gate process.

[0091] Next, dielectric layer 570 may now be removed to
expose the p type and n type nonplanar device as shown in
FIG. 5Y. When sacrificial dielectric layer 570 is an oxide
film, the sacrificial dielectric layer 570 can be removed
utilizing an etchant comprising hydrofluoric acid. After
removal of the sacrificial dielectric layer 570 the substrate
can be cleaned utilizing a well known RCA clean which
includes, for example, HF/SC1/SC2.

[0092] Next, as shown in FIG. 5Z, a stress film can be
blanket deposited over the n type and p type devices. In an
embodiment of the present invention, of between 50-300 A
continuous nitride film between 50-300 A is blanket depos-
ited over the substrate as shown. The nitride film 580
provides a stress to the p type device which provides higher
mobility of holes in the p type device.
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[0093] At this point, the fabrication of an n type and p type
nonplanar device having a metal gate electrode and metal
oxide dielectric films have been formed. Well known back
end processing steps can now be utilized to interconnect the
various p type and n type devices together into functional
CMOS integrated circuits. The back end of the process
includes formation of interlayer dielectric layers and metal
interconnects.

[0094] Thus, an n type nonplanar transistor with a metal
gate electrode and a p type nonplanar transistor with a metal
gate electrode and their methods of fabrication CMOS
process have been described.

We claim:
1. A CMOS integrated circuit comprising:

a PMOS device having an n channel region with a first
dopant concentration and a pair of p type source/drain
regions having a second dopant concentration and a
gate electrode having a first material composition; and

an NMOS device having a p type channel region with a
third dopant concentration and a pair of n type source/
drain regions having a fourth dopant concentration and
a gate electrode comprising said first composition,
wherein said first dopant concentration and second
dopant concentration and said third dopant concentra-
tion and said fourth dopant concentration are such that
the threshold voltage for said gate electrode for said p
type device is between 0.9-1.1 eV greater than the
threshold voltage of the gate electrode for said NMOS
device.

2. The CMOS integrated circuit of claim 1 wherein said
first dopant concentration is between intrinsic and 4x10"°at-
0ms/ggn3 , said second dopant concentration is between
1x10 -1x10** atoms/cm?, said third dopant concentration is
between intrinsic and 4x10'° atoms/cm®, and said fourth
dopant concentration is between 1x10'°-1x10*" atoms/cm®.

3. The CMOS integrated circuit of claim 1 wherein said
PMOS gate electrode and said NMOS gate electrode com-
prise a midgap work function material.

4. The CMOS integrated circuit of claim 3 wherein said
midgap work function material is selected from the group
consisting of the carbides or nitrides of titanium or tantalum.

5. A CMOS integrated circuit comprising:

a p type nonplanar semiconductor device comprising a
gate electrode formed from a first film stack formed
over and around an n type semiconductor body defining
the channel region, said channel region having a first
doping concentration and a pair of p type source/drain
regions on opposite sides of said gate electrode, said
pair of source/drain regions comprising a source/drain
extension region and a source/drain contact region;

an n type nonplanar semiconductor device a gate elec-
trode formed from said first film stack formed over and
around a p type semiconductor body defining a channel
region having a p type conductivity of the first con-
centration and a pair of n type source/drain regions on
opposite sides of said gate electrode, said pair of n type
source/drain regions comprising source/drain extension
region and a source/drain contact region; and

wherein the doping of said n type source/drain extension
regions and said p type channel region of said n type
nonplanar semiconductor device and said doping of
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said p type source/drain extension regions and said n
type channel region of said PMOS device create an
0.9-1.1 eV difference in the threshold voltage of said
gate electrode of said p type semiconductor device and
said gate electrode of said n type semiconductor device.

6. The CMOS integrated circuit of claim 5 wherein said
n type channel region has a doping concentration between
intrinsic and 4x10*°atoms/cm> and said p type source/drain
regions extension regions have a doping concentration
between 1x10'°-1x10*! atoms/cm® and said p type channel
region having a doping concentration between intrinsic and
4x10"° atoms/cm® and said n type source/drain extension
regions have doping concentration between 1x10'°-1x10%*
atoms/cm’.

7. The CMOS integrated circuit of claim 5 wherein said
PMOS gate electrode and said NMOS gate electrode are
each formed from material having a midgap work function.

8. A method of forming a CMOS integrated circuit:

8. A method of forming a CMOS integrated circuit:

forming a PMOS device having a gate electrode formed
from a first material and forming an NMOS device
having a gate electrode formed from said first material;
and

forming a channel region and a source/drain region for
said PMOS device and a channel region and a source/
drain region for said NMOS device such that the
threshold voltage of said gate electrode for said PMOS
device is about 0.9-1.1 eV greater than the threshold
voltage of said gate electrode for said NMOS device.

9. The method of claim 8 wherein said first material has
midgap work function.

10. The method of claim 9 wherein said first material has
a work function between 4.3-4.8 eV.

11. The method of claim 8 wherein channel region of said
PMOS device is n type silicon and the channel region for
said NMOS device is p type silicon.

12. The method of claim 8 wherein said first material
comprises a lower metal film and an upper metal film.

13. The method of claim 12 wherein said lower metal film
sets the work function for said material.

14. The method of claim 13 wherein said lower metal film
is selected from the group consisting of the carbides or
nitrides of titanium or tantalum.

15. A method of forming a semiconductor device com-
prising:

forming a sacrificial gate electrode material and a hard
mask material over a semiconductor body;

patterning said sacrificial gate electrode material and said
hard mask material into a hard mask and a sacrificial
gate electrode;

forming a dielectric layer over and around said sacrificial
gate electrode and said hard mask;

planarizing said dielectric layer until said hard mask is
exposed and said dielectric layer is substantially planar
with the top surface of said hard mask;

etching away said hard mask to reveal said sacrificial gate
electrode;

etching away said sacrificial gate electrode to form an
opening in said dielectric layer to expose said channel
region of said semiconductor body;
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depositing a gate dielectric layer over and around said
channel region of said semiconductor body in said
opening and on said top surface of said planarized
interlayer dielectric;

blanket depositing a gate electrode material on said gate
dielectric layer in said opening and on said gate dielec-
tric layer on said dielectric layer; and

polishing said gate electrode material on said gate dielec-
tric layer until said gate electrode material and said gate
dielectric layer are completely removed from the top
surface of said dielectric layer to form a gate electrode
and a gate dielectric layer.

16. The method of claim 15 wherein said gate electrode
material comprises a lower film having a midgap work
function and an upper metal film.

17. The method of claim 16 wherein said midgap work
function material is selected from the group consisting of the
carbides or nitrides of titanium or tantalum.

18. The method of claim 15 wherein said fill metal is
selected from the group consisting of copper and tungsten.

19. The method of claim 15 further comprising after
removing said sacrificial gate electrode material and said
hard mask and prior to forming said gate dielectric layer,
exposing said channel region of said semiconductor body to
a solution which converts said channel region of said
semiconductor body into a hydrophilic surface.

20. The method of claim 19 wherein said solution com-
prising hydrogen peroxide.

21. The method of claim 19 wherein said gate dielectric
layer is formed by atomic layer deposition.

22. The method of claim 21 wherein said atomic layer
deposition comprises exposing said hydrophilic surface of
said semiconductor body to a metal halide.

23. The method of claim 22 wherein said metal halide is
hafnium tetrachloride (HfCl,).

24. The method of claim 15 further comprising forming a
pair of sidewall spacers adjacent to said hard mask and said
sacrificial gate electrode, said sidewall spacers having a top
surface above the top surface of said sacrificial gate elec-
trode and below the top surface of said hard mask.

25. The method of claim 24 wherein said semiconductor
body has a height less than the thickness of said hard mask.

26. The method of claim 25 further comprising forming
silicon on the top surface and sidewalls of said semicon-
ductor body adjacent to the outside edges of said sidewall
spacers.

27. The method of claim 26 further comprising forming
silicide on said silicon film formed on the top surface and
sidewalls of said semiconductor body.

28. The method of claim 24 wherein said sacrificial gate
electrode comprises polysilicon.

29. The method of claim 24 wherein said sidewall spacers
are formed by a method comprising:

blanket comprising a conformal dielectric layer over said
sidewalls of said sacrificial gate electrode, and on the
top surface of said hard mask, and onto the sidewalls in
the top surface of said semiconductor body; and

anisotropically etching back said conformal dielectric
layer so that said conformal dielectric layer is removed
from the top surface of said hard mask and the top
surface of said semiconductor body, and continuing
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said anisotropic etch back until said conformal dielec-
tric layer is removed from the sidewalls of said semi-
conductor body.

30. A method of forming a transistor comprising:

forming a polysilicon sacrificial gate electrode having a
pair of laterally opposite sidewalls and a hard mask
formed on the top surface of said polysilicon gate
electrode, said sacrificial gate electrode formed over a
channel region of a semiconductor body having the top
surface and pair of laterally opposite sidewalls;

blanket depositing a spacer dielectric layer over said hard
mask and on said pair of laterally opposite sidewalls of
said sacrificial gate electrode and on said sidewalls and
top surface of said semiconductor body;

anisotropically etching back said spacer dielectric layer so
that said spacer dielectric layer is removed from the top
surface of said hard mask and the top surface of said
semiconductor body, and continuing said anistropic
etch back until said spacer dielectric layer is removed
from the semiconductor body so that a pair of sidewall
spacers are formed adjacent to said sidewalls of said
sacrificial polysilicon gate electrode and adjacent to a
portion of said hard mask on said top surface of said
polysilicon sacrificial gate electrode.

31. The method of claim 30 further comprising forming
silicon onto the sidewalls and top surface of said semicon-
ductor body adjacent to said sidewall spacers.

32. The method of claim 31 further comprising forming
silicide on said silicon film formed on the top surface and
sidewalls of said semiconductor body.

33. The method of claim 32 wherein said silicide is
formed by a method comprising:

blanket depositing a metal film over said sidewall spacers
and said hard mask as well as onto said silicon film
formed on said sidewalls and top surface of said
semiconductor body;

heating said metal film so that said metal film reacts with
said silicon film formed on said semiconductor body to
form a silicide film adjacent to the sidewalls and above
the top surface of said semiconductor body, wherein
said metal film does not react with said sidewalls
spacers or said hard mask and wherein said sidewall
spacers and said hard mask prevent said metal film
from reacting with said polycrystalline sacrificial gate
electrode; and

etching away said unreacted metal film from said hard
mask and from said sidewall spacers.
34. A method of forming a metal oxide gate dielectric
layer comprising:

exposing a silicon surface to a solution which makes said
silicon surface hydrophilic;

exposing said hydrophilic silicon surface to a precursor
comprising a metal halide; and

forming a metal oxide dielectric layer by reacting said
metal halide with said hydrophilic surface.
35. The method of claim 34 wherein said hydrophilic
silicon surface comprises an OH terminated silicon atom.
36. The method of claim 34 wherein said solution com-
prises hydrogen peroxide.
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37. The method of claim 36 wherein said solution com-
prises between 5-10% hydrogen peroxide by volume in
water.

38. The method of claim 34 wherein said metal oxide
dielectric is selected from the group consisting of hafnium
oxide, aluminum oxide, zirconium oxide, lanthanum oxide,
and lanthanum aluminum oxide.

39. The method of claim 38 wherein said metal oxide
dielectric comprise hafnium oxide.

40. The method of claim 39 wherein said metal halide
comprises hafnium tetrafluoride (HfCl,).

41. A method of forming a high dielectric constant film on
a silicon surface comprising:

removing a silicon oxide film from a silicon surface with
an aqueous HF solution to generate a hydrophobic
silicon hydride surface;

treating said hydrophobic silicon hydride surface with a
solution comprising hydrogen peroxide to convert said
hydrophobic silicon hydride surface to a hydrophilic
silicon hydroxide surface;

exposing said hydrophilic silicon hydroxide surface to a
metal halide to form a metal halide terminated silicon
surface; and

exposing said metal halide terminated silicon surface to
water vapor to form a metal oxide dielectric film on
said silicon surface.

42. The method of claim of claim 41 wherein said aqueous
HF solution comprises approximately 1-2% HF by volume
in water.

43. The method of claim 41 wherein said solution com-
prising hydrogen perioxide comprises 5-10% by weight of
unstabilized hydrogen peroxide in water.

44. The method of claim 41 wherein said metal halide is
selected from the group consisting of HfCl,, ZrCl, and
LaCl,.

45. The method of claim 41 wherein said hydrophilic
silicon hydroxide surface is exposed to a metal halide at a
temperature between 350-450° C.

46. The method of claim 41 further comprising after
forming said metal oxide dielectric, exposing said metal
oxide dielectric to said metal halide a second dtime and
exposing said metal oxide to said water vapor a second time.

47. A method of forming a CMOS integrated circuit
comprising:

forming a first sacrificial gate electrode over an n type
semiconductor channel region;
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forming a second sacrificial gate electrode over a p type
semiconductor channel region;

forming a dielectric layer over said first and said second
sacrificial gate electrode;

planarizing said dielectric layer;

revealing the top surface of said first and second sacrifi-
cial gate electrodes;

removing said first sacrificial gate electrode to form a first
opening over said n type channel region and removing
said second sacrificial gate electrode to form a second
opening over said p type semiconductor channel
region;

forming a gate dielectric layer in said first opening on said
n type semiconductor channel region and in said second
opening on said p type semiconductor channel region;

forming a metal gate electrode material onto said gate
dielectric layer in said first opening and onto said gate
dielectric layer in second opening and above said
planarized dielectric layer; and

polishing said gate electrode material from above said
interlayer dielectric to form a first gate electrode over
said gate dielectric layer in said opening and a second
gate electrode on said gate dielectric layer in said
second opening.

48. The method of claim 47 wherein said gate electrode
material comprises a lower metal film and an upper metal
film.

49. The method of claim 48 wherein said lower metal film
comprises a midgap work function material.

50. The method of claim 49 wherein said upper film is
selected from the group consisting of copper and tungsten.

51. The method of claim 47 further comprising after
forming said first and second gate electrode by polishing,
removing said dielectric layer.

52. The method of claim 51 further comprising after
removing said dielectric layer, blanket depositing a silicon
nitride film on and around said first gate electrode and said
second gate electrode.

53. The method of claim 52 further comprising forming a
second dielectric layer over said silicon nitride layer.





