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METHOD OF FABRICATING CMOS DEVICES
HAVING A SINGLE WORK FUNCTION GATE
ELECTRODE BY BAND GAP ENGINEERING AND
ARTICLE MADE THEREBY

RELATED APPLICATIONS

[0001] This application relates to the application entitled
“CMOS devices with a Single Work Function Gate Elec-
trode and Method of Fabrication,” filed on Sep. 28, 2005.

BACKGROUND OF THE INVENTION
[0002]

[0003] The present invention relates to the field of semi-
conductor integrated circuit manufacturing, and more par-
ticularly to CMOS (complementary metal oxide semicon-
ductor) devices having gate electrodes with a single work
function.

[0004] 2. Discussion of Related Art

[0005] During the past two decades, the physical dimen-
sions of MOSFETs have been aggressively scaled for low-
power, high-performance CMOS applications. In order to
continue scaling future generations of CMOS, the use of
metal gate electrode technology is important. For example,
further gate insulator scaling will require the use of dielec-
tric materials with a higher dielectric constant than silicon
dioxide. Devices utilizing such gate insulator materials
demonstrate vastly better performance when paired with
metal gate electrodes rather than traditional poly-silicon gate
electrodes.

1. Field of the Invention

[0006] Depending on the design of the transistors used in
the CMOS process, the constraints placed on the metal gate
material are somewhat different. For a planar, bulk or
partially depleted, single-gate transistor, short-channel
effects (SCEs) are typically controlled through channel
dopant engineering. Requirements on the transistor thresh-
old voltages then dictate the gate work-function values must
be close to the conduction and valence bands of silicon. For
such devices, a “mid-gap” work function gate electrode that
is located in the middle of the p and n channel work function
range is inadequate. A mid-gap gate electrode typically
results in a transistor having either a threshold voltage that
is too high for high-performance applications, or compro-
mised SCEs when the effective channel doping is reduced to
lower the threshold voltage. For non-planar or multi-gate
transistor designs, the device geometry better controls SCEs
and the channel may then be more lightly doped and
potentially fully depleted at zero gate bias. For such devices,
the threshold voltage can be determined primarily by the
gate metal work function. However, even with the multi-gate
transistor’s improved SCEs, it is typically necessary to have
a gate electrode work function about 250 meV below
mid-gap for an nMOS transistor and about 250 meV above
mid-gap for a pMOS transistor. Therefore, a single mid-gap
gate material is also incapable of achieving low threshold
voltages for both pMOS (a MOSFET with a p-channel) and
nMOS (a MOSFET with an n-channel) multi-gate transis-
tors.

[0007] For these reasons, CMOS devices generally utilize
two different gate electrodes, an nMOS electrode and a
pMOS electrode, having two different work function values.
For the traditional polysilicon gate electrode, the work
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function values are typically about 4.2 and 5.2 electron volts
for the nMOS and pMOS electrodes respectively, and they
are generally formed by doping the polysilicon material to
be either n or p type. Attempts at changing the work function
of metal gate materials to achieve similar threshold voltages
is difficult as the metal work function must either be varied
with an alloy mixture or two different metals utilized for n
and p-channel devices.

[0008] One such conventional CMOS device 100 is shown
in FIG. 1, where insulating substrate 102, having a carrier
101 and an insulator 103, has a pMOS transistor region 104
and an NMOS transistor region 105. The pMOS device 104
is comprised of a non-planar semiconductor body 106
having a source 116 and a drain 117, a gate insulator 112 and
a gate electrode 113 made of a “p-metal” (a metal having a
work function appropriate for a low pMOS transistor thresh-
old voltage). The nMOS device 105 is comprised of a
non-planar semiconductor body 107 having a source 116 and
a drain 117, a gate insulator 112 and a gate electrode 114
made of an “n-metal” (a metal having a work function
appropriate for a low nMOS transistor threshold voltage).
While fabricating transistors having gate electrodes made of
two different materials is prohibitively expensive, simpler
approaches to dual-metal gate integration like work-function
engineering of the metal film suffer from problems such as
poor reliability and insufficient work-function shift.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 is an illustration of a perspective view of
conventional non-planar transistors on an insulating sub-
strate and conventional gate electrodes.

[0010] FIG. 2A is an illustration of a perspective view of
non-planar transistors on an insulating substrate and gate
electrodes in accordance with the present invention.

[0011] FIG. 2B is an illustration of a perspective view of
non-planar transistors on a bulk substrate and gate electrodes
in accordance with the present invention.

[0012] FIGS. 3A-3F are illustrations of perspective views
of non-planar transistors on an insulating substrate with gate
electrodes in accordance with the present invention.

[0013] FIGS. 4A-4H are illustrations of perspective views
of non-planar transistors on a bulk substrate with gate
electrodes in accordance with the present invention.

[0014] FIGS. 5A-5C are illustrations of perspective views
of a method of fabricating non-planar bodies for transistors
in accordance with the present invention.

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

[0015] A novel device structure and its method of fabri-
cation are described. In the following description, numerous
specific details are set forth, such as specific materials,
dimensions and processes, etc. in order to provide a thor-
ough understanding of the present invention. In other
instances, well-known semiconductor processes and manu-
facturing techniques have not been described in particular
detail in order to not unnecessarily obscure the present
invention.

[0016] Embodiments of the present invention include
complementary (pMOS and nMOS) transistors having semi-
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conductor channel regions which have been band gap engi-
neered to achieve a low threshold voltage. In particular
embodiments, the complementary devices utilize the same
material having a single work function as the gate electrode.
Engineering the band gap of the semiconductor transistor
channels rather than engineering the work function of the
transistor gate metal for the individual pMOS and nMOS
devices avoids the manufacturing difficulties associated with
depositing and interconnecting two separate gate metals in a
dual-metal gate process. A single metal gate stack, used for
both pMOS and nMOS transistors, simplifies fabrication
while engineering the band gap of the semiconductor tran-
sistor channels enables independent tuning of the pMOS and
nMOS threshold voltages. In embodiments of the present
invention, the threshold voltage of a device can be targeted
through the use of semiconductor materials that have an
appropriate valance band (nMOS) or conduction band
(pMOS) offset relative to the substrate. Therefore, embodi-
ments of the present invention can utilize a single mid-band
gap metal for both the pMOS and nMOS transistors in a
CMOS device while still achieving a low threshold voltage
for both the pMOS and nMOS transistors.

[0017] An example of a CMOS device 200 with a metal
gate structure and an engineered band gap in accordance
with an embodiment of the present invention is illustrated in
FIG. 2A. Although FIG. 2A shows a tri-gate embodiment of
the present invention, it should be appreciated that addi-
tional embodiments comprising single-gate or multi-gate
transistors (such as dual-gate, FinFET, omega-gate) designs
are also possible. CMOS device 200 comprises a transistor
of a first conductivity type on a first region 204 and a
transistor of a complementary conductivity type on a second
region 205 of substrate 202. In embodiments of the present
invention, as depicted in both FIGS. 2A and 2B, at least a
portion of the semiconductor body 206 is formed on a region
of'the semiconductor substrate that has been alloyed with an
epitaxial film and thus has a narrower band gap than the
semiconductor body 207. The narrow band gap semicon-
ductor alloy will then reduce the effective threshold voltage
of a pMOS transistor in region 204 by an amount approxi-
mately equal to the conduction band offset between the
semiconductor alloy used for body 206 and a non-alloyed
semiconductor body 207 in region 205. Similarly, in other
embodiments, a valence band offset between the alloyed
semiconductor material of transistor body 206 and the
unalloyed semiconductor material of transistor body 207
modifies the effective threshold voltage of an nMOS tran-
sistor. In a further embodiment, a semiconductor body
having a larger band gap can be used to increase either a
pMOS or an nMOS transistor’s threshold voltage by the
respective band offset relative to the unalloyed substrate on
which the transistors are formed in order to reduce transistor
leakage or increase a transistor’s breakdown voltage.

[0018] In alternate embodiments of the present invention
(not shown) both the pMOS transistor and nMOS transistor
channels are formed on an alloyed semiconductor substrate
material. When both alloyed semiconductor regions have
only a conduction band offset (no valence band offset)
relative to the unalloyed substrate regions, the band gap
engineered alloyed semiconductor region of the nMOS
transistor will not have any effect on the nMOS threshold
voltage.
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[0019] In a particular embodiment of the present inven-
tion, as shown in FIG. 2A, CMOS device 200 includes
non-planar monocrystalline semiconductor bodies 206 and
207 on insulating layer 203 over carrier 201. In certain
embodiments of the present invention, bodies 206 and 207
are formed from a semiconductor film on an insulator 203
over a carrier 201. Semiconductor bodies 206 and 207 can
be formed of any well-known semiconductor material, such
as silicon (Si), gallium arsenide (GaAs), indium antimonide
(InSb), gallium antimonide (GaSb), gallium phosphide
(GaP), or indium phosphide (InP). For embodiments where
monocrystalline silicon is formed on insulator 203, the
structure is commonly referred to as silicon/semiconductor-
on-insulator, or SOI, substrate. In an embodiment of the
present invention, the semiconductor film on insulator 203 is
comprised of a monocrystalline silicon semiconductor
doped with either p-type or n-type conductivity with a
concentration level between 1x10'%-1x10'° atoms/cm?. Tn
another embodiment of the present invention, the semicon-
ductor film formed on insulator 203 is comprised of a silicon
semiconductor substrate having an undoped, or intrinsic
epitaxial silicon region. Insulator 203 can be any dielectric
material and carrier 201 can be any well-known semicon-
ductor, insulator or metallic material.

[0020] In another embodiment of the invention, as shown
in device 300 of FIG. 2B, a “bulk” substrate is used and
semiconductor bodies 206 and 207 are formed on an upper
region of the “bulk™ semiconductor substrate. In an embodi-
ment of the present invention, the substrate 202 is comprised
of a silicon semiconductor substrate having a doped epi-
taxial silicon region with either p-type or n-type conductiv-
ity with a concentration level between 1x10"°-1x10"° atoms/
cm®. In another embodiment of the present invention, the
substrate 202 is comprised of a silicon semiconductor sub-
strate having an undoped, or intrinsic epitaxial silicon
region. In bulk substrate embodiments of the present inven-
tion, isolation regions 210 are formed on the bulk, monoc-
rystalline, semiconductor and border the semiconductor
bodies 206 and 207, as shown in FIG. 2B. In some embodi-
ments, at least a portion of the sidewalls of the bodies 206
and 207 extend above the bordering isolation regions 210. In
other embodiments, such as for planar single-gate designs,
the semiconductor bodies 206 and 207 have only a top
surface exposed.

[0021] In the embodiments shown in FIGS. 2A and 2B,
semiconductor bodies 206 and 207 have a pair of opposite
sidewalls separated by a distance defining an individual
semiconductor body width. Additionally, semiconductor
bodies 206 and 207 have a top surface opposite a bottom
surface formed over the substrate. In embodiments with an
insulating substrate, semiconductor bodies 206 and 207 are
in contact with the insulating layer shown in FIG. 2A. In
embodiments with a bulk substrate, semiconductor bodies
206 and 207 are in contact with the bulk semiconductor
substrate and the bottom surface of the body is considered to
be planar with the bottom surface of the isolation region 210
bordering the body, as shown in FIG. 2B. The distance
between the top surface and the bottom surface defines an
individual semiconductor body height. In an embodiment of
the present invention, the individual body height is substan-
tially equal to the individual semiconductor body width. In
a particular embodiment of the present invention, the semi-
conductor bodies 206 and 207 have a width and height less
than 30 nanometers, and more particularly, less than 20
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nanometers. In another embodiment of the present inven-
tion, the individual semiconductor body height is between
half the individual semiconductor body width and twice the
individual semiconductor body width. In still other embodi-
ments of the present invention, a planar or single-gate
transistor design (not shown) is formed on the substrate so
that a gate dielectric and a gate electrode are formed only on
a top surface of the semiconductor regions.

[0022] TIn an embodiment of the present CMOS invention,
the alloyed semiconductor body 206 is single crystalline to
ensure sufficient carrier lifetime and mobility. Semiconduc-
tor body 206 can be formed of any well-known semicon-
ductor material, such as silicon germanium (SiGe), silicon
carbide (SiC), indium gallium arsenide (In,Ga, ,As,),
indium antimonide (In,Sb,), indium gallium phosphide
(In,Ga, P ), or carbon nanotubes (CNT). In certain
embodiments of the present invention, the semiconductor
body 206 is an alloy of silicon and germanium (SiGe). In
certain other embodiments, one semiconductor body is an
alloy of silicon and carbon (SiC).

[0023] Embodiments of the present invention include
decreasing the conduction band energy of a pMOS transistor
having a SiGe channel region by increasing the concentra-
tion of the germanium. In this manner, it is possible to
fabricate both a pMOS and nMOS multi-gate transistor
having gate electrodes of the same material and threshold
voltage magnitudes less than 0.7 V over a range of transistor
channel doping levels. As the conduction band energy
decreases, the threshold voltage is lowered by an amount
approximately equal to the conduction band voltage offset.
In an embodiment of the present invention, the germanium
concentration of the alloyed region is between 5 and 50
percent, and more particularly, between 15 and 30 percent.
For embodiments having about 25 percent germanium, the
conduction band energy is decreased by about 300 meV
below the conduction band of silicon. Thus, a pMOS device
having a SiGe channel region comprised of about 25 percent
germanium will have a threshold voltage magnitude
approximately 300 meV less than that of a pure silicon
channel.

[0024] In embodiments of the present invention, nMOS
multi-gate devices have a work function difference (the
difference between the gate metal work function an the
semiconductor work function or (¢, ..;Peemiconductor) OF
about 0.4 eV while the work function difference for a pMOS
multi-gate device is about 0.7 eV. In a particular embodi-
ment of the present invention, the 0.4 eV nMOS work
function difference is achieved through Fermi-level pinning
a mid-gap titanium nitride metal gate material (having a
work function of about 4.7 eV). In a further embodiment of
the present invention, a 0.7 eV pMOS work function dif-
ference is achieved with a band-engineered SiGe channel
region comprised of about 25 percent germanium. The 25
percent germanium decreases the channel semiconductor
conduction band energy and, in effect, shifts the work
function difference of the mid-gap titanium nitride metal
gate material by about 300 mV, from the pinned Fermi-level
of 0.4 eV to the desired 0.7 eV.

[0025] Embodiments of the present invention include
adjusting the germanium concentration of a pMOS SiGe
body to adjust the threshold voltage, enabling multiple
threshold voltages on the same chip, which is a different
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challenge from setting a single threshold voltage to match an
nMOS device. For ULSI systems, it is typically necessary to
provide a menu of devices with different threshold voltages
to allow for the optimization of performance and power
consumption. The ability to tune the threshold voltage by
about 150 mV is often required. For devices with geometries
in the sub-50-nm gate-length regime, it is very difficult to
achieve such a range by merely doping the transistor chan-
nel. Disadvantageous channel doping can by avoided by
embodiments of the present invention where a first pMOS
device has a channel comprised of a first germanium con-
centration targeting a first threshold voltage while a second
pMOS device has a channel comprised of a second germa-
nium concentration targeting a second threshold voltage.

[0026] As shown in FIGS. 2A and 2B, CMOS devices 200
and 300, respectively, have a gate insulator layer 212. In the
depicted embodiments, gate insulator 212 surrounds the
semiconductor bodies 206 and 207. In such tri-gate embodi-
ments, gate dielectric layer 212 is formed on the sidewalls
as well as on the top surfaces of the semiconductor bodies
206 and 207, as shown in FIGS. 2A and 2B. In other
embodiments, such as in FinFET or dual-gate designs, gate
dielectric layer 212 is only formed on the sidewalls of the
semiconductor bodies 206 and 207. Gate insulator 212 can
be of any commonly known dielectric material compatible
with the semiconductor bodies and the gate electrode 213. In
an embodiment of the present invention, the gate dielectric
layer is a silicon dioxide (Si0,), silicon oxynitride (SiO,N,)
or a silicon nitride (Si;N,) dielectric layer. In one particular
embodiment of the present invention, the gate dielectric
layer 212 is a silicon oxynitride film formed to a thickness
of between 5-20 A. In another embodiment of the present
invention, gate dielectric layer 212 is a high K gate dielectric
layer, such as a metal oxide dielectric, such as to tantalum
oxide, titanium oxide, hafnium oxide, zirconium oxide, or
aluminum oxide. Gate dielectric layer 212 can also be other
types of high K dielectric, such as lead zirconium titanate
(PZT).

[0027] CMOS devices 200 and 300 have a gate electrode
213, as shown in FIGS. 2A and 2B, respectively. In certain
embodiments, gate electrode 213 is formed on gate dielec-
tric layer 212 over the sidewalls of each of the semiconduc-
tor bodies 206 and 207. Gate electrode 213 has a pair of
laterally opposite sidewalls separated by a distance, defining
the gate length (L) of transistors in region 204 and 205. In
certain embodiments of the present invention, where the
transistors in regions 204 and 205 are planar or single-gate
devices (not shown), the gate electrode is merely on a top
surface of the gate insulator over the semiconductor sub-
strate. In the embodiments of the present invention, as
shown in FIGS. 2A and 2B, the same material is used to form
the gate electrode 213 for pMOS device in region 204 and
nMOS device in region 205. In this manner, CMOS device
fabrication can be greatly simplified because there is no need
for the pMOS device to have a gate metal with a different
work function than that of the nMOS device. In further
embodiments of the present invention, the same gate elec-
trode structure physically connects a pMOS device to an
nMOS device. Gate electrode 213 of FIGS. 2A and 2B can
be formed of any suitable gate electrode material having the
appropriate work function. In an embodiment of the present
invention, the gate electrode is a metal gate electrode, such
as tungsten, tantalum nitride, titanium nitride or titanium
silicide, nickel silicide, or cobalt silicide. In an embodiment
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of the present invention, the gate electrode 213 of both the
pMOS device and then nMOS device is formed from a
material having a mid-gap work function between 4.5 and
4.9 eV. In a specific embodiment of the present invention,
gate electrode 213 comprises titanium nitride having a work
function equal to about 4.7 eV. It should also be appreciated
that the gate electrode 213 need not necessarily be a single
material, but rather can also be a composite stack of thin
films such as a metal/polycrystalline silicon electrode.

[0028] As shown in FIGS. 2A and 2B, a pair of source 216
and drain 217 regions are formed in body 206 and body 207
on opposite sides of gate electrode 213. The source region
216 and the drain region 217 are formed of the same
conductivity type such as n-type or p-type conductivity,
depending on if the transistor is an nMOS device or a pMOS
device. In an embodiment of the present invention, source
region 216 and drain region 217 have a doping concentration
of 1x10'°-1x10" atoms/cm®. Source region 216 and drain
region 217 can be formed of uniform concentration or can
include subregions of different concentrations or doping
profiles such as tip regions (e.g., source/drain extensions).

[0029] As shown in FIGS. 2A and 2B, the channel region
of the pMOS and nMOS devices is the portion of semicon-
ductor bodies 206 and 207 located between source regions
216 and drain regions 217 under the gate insulator 212 and
gate electrode 213. In certain embodiments of the present
invention, a pMOS device formed in region 204 has a
channel region of undoped SiGe. In other embodiments the
channel regions of body 206 and body 207 are doped SiGe.
In an embodiment of the present invention, the channel
region of semiconductor body 207 is intrinsic or undoped
silicon. In another embodiment of the present invention,
channel region of semiconductor body 207 is doped silicon.
When the channel region is doped, it is typically doped to the
opposite conductivity type of the source region 216 and the
drain region 217. For example, the nMOS device 205 has
source and drain regions which are n-type conductivity
while the channel region is doped to p-type conductivity.
When channel region is doped, it can be doped to a con-
ductivity level of between 1x10'® to 1x10'® atoms/cm’. In
certain multi-gate transistor embodiments of the present
invention, the pMOS channel regions have an impurity
concentration of 10'” to 10e'® atoms/cm’.

[0030] A method of fabricating a CMOS device on an
insulating substrate in accordance with an embodiment of
the present invention as shown in FIG. 2A is illustrated in
FIGS. 3A-3F. Insulating substrate can be formed in any
commonly known fashion. In an embodiment of the present
invention, shown in FIG. 3A, the insulating substrate
includes a lower monocrystalline silicon carrier 201 upon
which there is an insulating layer 203, such as a silicon
dioxide film or silicon nitride film. Insulating layer 203
isolates semiconductor film 315 from carrier 201, and in an
embodiment is formed to a thickness between 200-2000 A.
Insulating layer 203 is sometimes referred to as a “buried
oxide” layer and the substrate comprised of 201, 203 and
315 is referred to as a silicon or semiconductor on insulating
(SOI) substrate.

[0031] Although the semiconductor film 315 is ideally a
silicon film, in other embodiments it can be other types of
semiconductor films, such as germanium (Ge), a silicon
germanium alloy (SiGe), gallium arsenide (GaAs), InSb,
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GaP, GaSb, or InP. In an embodiment of the present inven-
tion, semiconductor film 315 is an intrinsic (i.e., undoped)
silicon film. In other embodiments, semiconductor film 315
is doped to p-type or n-type conductivity with a concentra-
tion level between 1x10'°-1x10'® atoms/cm®. Semiconduc-
tor film 315 can be in-situ doped (i.e., doped while it is
deposited) or doped after it is formed on substrate 202 by for
example ion-implantation. Doping after formation enables
complementary devices 204 and 205 to be fabricated easily
on the same substrate. The doping level of the semiconduc-
tor substrate film 315 at this point can determine the doping
level of the channel region of the device.

[0032] In certain embodiments of the present invention,
semiconductor substrate film 315 is formed to a thickness
approximately equal to the height desired for the subse-
quently formed semiconductor body or bodies of the fabri-
cated transistor. In an embodiment of the present invention,
semiconductor substrate film 315 has a thickness or height
of less than 30 nanometers and ideally less than 20 nanom-
eters. In certain embodiments of the present invention,
semiconductor substrate region 315 is formed to a thickness
enabling the fabricated transistor to be operated in a fully
depleted manner for its designed gate length (Lg).

[0033] Semiconductor substrate region 315 can be formed
on insulator 203 in any well-known method. In one method
of forming a silicon-on-insulator substrate, known as the
separation by implantation of oxygen (SIMOX) technique.
Another technique currently used to form SOI substrates is
an epitaxial silicon film transfer technique generally referred
to as bonded SOI.

[0034] If desired, a masking can be formed over any
regions of the substrate where there is to be no epitaxial
semiconductor region subsequently formed on substrate
region 315. In a particular embodiment shown in FIG. 3A,
mask layer 320 is formed over the region 205. Mask layer
320 can be of any commonly known material capable of
surviving the subsequent process of forming the epitaxial
semiconductor region. In an embodiment of the present
invention, mask layer 320 is a dielectric material capable of
serving as a good diffusion barrier, such as silicon nitride. As
shown in FIG. 3A, a pad oxide is typically used as a buffer
layer between the silicon nitride mask and semiconductor
substrate region 315. Commonly known techniques, such as
CVD, LPCVD, or PECVD may be used to deposit the mask
material. Mask 320 is then selectively defined by commonly
known lithography and etch techniques, so that the mask 320
is substantially removed from the region 204. In certain
embodiments of the present invention, when the epitaxial
semiconductor film 325 is to be formed on all transistors, no
mask layer 320 is formed.

[0035] An epitaxial semiconductor film 325 is then formed
on substrate film 315. In certain embodiments, epitaxial
semiconductor film 325 is selectively formed on the sub-
strate region 204 where a pMOS device is desired, as shown
in FIG. 3B. Any commonly known epitaxial processes
suitable for the particular semiconductor materials can be
used to form the semiconductor film 325. In a particular
embodiment, an LPCVD process using germane and a
silicon source gas, such as a silane, as precursors forms a
SiGe film 325 on silicon semiconductor region 315. In a
further embodiment, HCI can be utilized during the SiGe
growth to improve the selectivity of the growth. Another
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embodiment comprises a silicon film 325 grown on a SiGe
film 315. In yet another embodiment a silicon-carbide film
325 is formed on a silicon film 315. In still another embodi-
ment a silicon film 325 is formed on a silicon-carbide film
315. Film 325 can be grown to have a particular composition
determined by the final amount of band offset desired for the
transistor. In a particular embodiment of the present inven-
tion a silicon-germanium film 325 having about 5 percent to
about 30 percent germanium is formed. In other embodi-
ments, the germanium concentration is 50 percent, or more.
Ideally, the formation process is capable of producing a
single crystalline semiconductor film 325 from the surface
of semiconductor substrate film 315. The semiconductor
film 325 is grown to the desired thickness, some embodi-
ments including in-situ impurity doping. In certain embodi-
ments where the semiconductor film 325 is not lattice
matched to the substrate semiconductor film 315, the maxi-
mum thickness is the critical thickness.

[0036] Subsequent to the formation of the epitaxial semi-
conductor film 325, an outdiffusion barrier 330 is formed
over film 325. The outdiffusion barrier 330 can be formed
from any commonly known material capable of limiting the
loss of constituents from the epitaxial semiconductor film
325 during subsequent elevated-temperature processes.
While, the outdiffusion barrier 330 need not be directly on
or in intimate contact with epitaxial semiconductor film 325,
in the particular embodiment shown in FIG. 3C, a thermally
grown oxide 330 of the film 325 forms the outdiffusion
barrier. In other embodiments, the outdiffusion barrier 330 is
formed from a deposited dielectric such as a silicon dioxide,
or nitride. In particular embodiments where the film 325 is
SiGe having a relatively high germanium concentration,
above about 20 percent, the quality of the oxides formed on
epitaxial semiconductor film 325 degrades and it becomes
more difficult to form a film capable of preventing outdif-
fusion of germanium. Therefore, in some embodiments of
the present invention, the outdiffusion barrier 330 is formed
from a high-k dielectric material. The high-k dielectric
material used for outdiffusion barrier 330 may be of any
commonly known material, such as a metal oxide dielectric,
such as to tantalum oxide, titanium oxide, hafnium oxide,
zirconium oxide, or aluminum oxide. The high-K film can be
formed by well-known techniques, such as chemical vapor
deposition (CVD) and atomic layer deposition (ALD).

[0037] Next, an elevated-temperature anneal is performed
to intermix the constituents of epitaxial film 325 and sub-
strate film 315 into a semiconductor alloy region 335 having
the desired band gap and band offsets. In a particular
embodiment, the anneal is performed by commonly known
techniques, such as rapid thermal anneal (RTP) or furnace
anneal, for a time sufficient to uniformly distribute the
constituents of film 325 and substrate film 315. Region 335,
shown in FIG. 3C, is a single crystal semiconductor having
excellent film quality and electronic properties consistent
with the alloy formed from epitaxial semiconductor film 325
and substrate film 315. Substrate region 335 then has the
desired band gap and offset necessary to provide the desired
threshold voltage of the device formed on region 335. In
specific embodiments where the outdiffusion barrier 330 is
a thermal oxide of film 325, the outdiffusion barrier thick-
ness increases as film 325 is oxidized. Constituents of film
325 oxidized less readily are pushed from the oxidized
region 330 to the unoxidized portion of film 325 and
underlying substrate film 315. This phenomenon is com-
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monly referred to as condensation. In a particular embodi-
ment of the present invention where film 325 is SiGe and
substrate film 315 is silicon, the silicon atoms of 325 oxidize
more readily than germanium atoms. Because oxide layers
330 and 203 block germanium from diffusion out of films
325 and 315, the total number of germanium atoms is
conserved. Therefore, the final germanium concentration in
the alloyed SiGe region 335 is increased up to the ratio of the
thickness of epitaxial semiconductor film 325 to that of
region 335 multiplied by the initial germanium concentra-
tion of epitaxial film 325. In this particular embodiment, a
high germanium concentration region 335 can be formed
from silicon substrate film 315 to produce a SiGe on an
insulator (SGOI) region locally, only where a particular
device is to be formed, rather than forming SiGe globally,
across the entire substrate.

[0038] In a particular embodiment where epitaxial film
325 is SiGe and barrier 330 is a thermal oxide, the anneal is
performed for a duration sufficient to completely oxidize the
epitaxial film 325, such that the initial substrate film 315 in
alloyed form 335 is the only semiconductor region above
insulator 203. In a more particular embodiment, film 315 is
about 20 nanometers thick with a germanium concentration
of about 25 percent after the alloying anneal. In other
embodiments where film 325 is SiGe and the outdiffusion
barrier 330 is a deposited dielectric, no condensation occurs
and the constituents of substrate film 315 and epitaxial film
325 merely interdiffuse, or intermix, and the final thickness
of the semiconductor film 335 is the sum of the thickness of
substrate film 315 and that of film 325. In certain embodi-
ments of the present invention, various regions of film 325
are selectively masked with an outdiffusion barrier having
characteristics enabling film 325 to have different alloy
compositions and therefore different band offsets after inter-
mixing. In these embodiments, devices with various voltage
threshold characteristics can be achieved on the same sub-
strate. In one such embodiment, an outdiffusion barrier 330
is formed from a deposited oxide, patterned with commonly
known methods, and a thermal outdiffusion barrier 330 then
formed on the regions of film 325 not covered by the
deposited outdiffusion barrier. After intermixing, region 335
formed in areas where film 325 was covered with the
deposited oxide would have a different alloy concentration
than region 335 formed in areas where film 325 was covered
with a thermal oxide and thus, transistors formed in the
different alloy regions would have different threshold volt-
ages.

[0039] Wells can then be selectively formed for pMOS
and nMOS transistors using any commonly known tech-
nique to dope regions to a desired impurity concentration. In
a certain embodiment of the present invention, outdiffusion
barrier 330 and mask 320 are selectively removed from
regions 204 and 205 by commonly known methods in a
manner that enables selective well implantation without
additional lithography. In other embodiments of the present
invention, both outdiffusion barrier 330 and mask 320 are
removed and commonly known lithography used to selec-
tively form well regions. In embodiments of the present
invention, regions 204 and 205 are selectively doped to
n-type and p-type conductivity with an impurity concentra-
tion level of about 1x10"%-1x10"° atoms/cm’. In a particular
multi-gate transistor embodiment of the present invention, a
pMOS channel formed on alloy region 335 has a valence
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band offset of about 300 mV and an n-type channel impurity
concentration level of about 1x10'7-1x10'® atoms/cm?.

[0040] Once films 330 and 320 are removed, a masking
layer 310 can be used to define the active regions of the
devices in alloyed semiconductor region 335 and non-
alloyed semiconductor region 315. The masking layer 310
can be any well-known material suitable for defining the
semiconductors 325 and 315. In an embodiment of the
present invention, masking layer 310 is a lithographically
defined photo resist. In other embodiments, mask 310 is
formed of a dielectric material that has been lithographically
defined and then etched using commonly known techniques.
In the particular embodiment shown in FIG. 3D, masking
layer can be a composite stack of materials, such as an
oxide/nitride stack. As shown in FIG. 3E, once masking
layer 310 has been defined, semiconductor regions 335 and
315 are then defined by commonly any known etching
technique to form semiconductor bodies 206 and 207. In
certain embodiments of the present invention, anisotropic
plasma etches, or RIE, are used to define semiconductor
bodies 206 and 207. In a particular embodiment where body
206 is a SiGe alloy and body 207 is silicon, a commonly
known plasma etch can be used to delineate both body 206
and body 207 followed by wet etches known in the art to be
appropriate for the germanium composition of body 206 and
for silicon of body 207. For planar, or single-gate embodi-
ments, the planar devices are merely formed on the films 335
and 315 and mask 310 is used to define isolation regions. In
a further embodiment, as shown in FIG. 3E, masking layer
310 is removed from the semiconductor bodies 206 and 207
using commonly known techniques that depend on the
material selected for masking layer 310. In other embodi-
ments, such as for particular dual-gate or FinFET designs,
masking layer 310 is not removed, so that layer 310 can
subsequently provide isolation from the gate electrode 213.

[0041] Once the semiconductor bodies 206 and 207 are
formed, further processing can be performed to further
enhance the body shape, composition or, surface quality. If
desired, a method as shown in FIGS. 5A-5C may be per-
formed. As shown in FIG. 5A, a sacrificial film 510 may be
formed on the free semiconductor surfaces of bodies 206
and 207. Following the formation of the sacrificial film 510,
a thermal oxidation is performed to oxidize the sacrificial
film and a portion of the bodies 206 and 207, forming an
oxidized region 520. Following the oxidation, the oxidized
region 520 is selectively removed by commonly known
means such as HF, leaving bodies 206 and 207 with a
reduced dimension, as shown in FIG. 5C. The oxidation
reduces the dimensions of semiconductor bodies 206 and
207 and the presence of the sacrificial film 510 improves the
smoothness and reduces the defect states of the bodies 206
and 207 as compared to merely oxidizing bodies 206 and
207 in absence of the sacrificial layer. In an embodiment, the
sacrificial film 510 is an epitaxial semiconductor formed by
commonly known techniques, as shown in FIG. 5A. The
sacrificial film can be of a same or different material or
composition as the bodies 206 and 207. In a particular
embodiment, the sacrificial film is silicon. In another par-
ticular embodiment, the sacrificial film is a SiGe alloy. In
still another embodiment, the film may be a composite
region with a buffer SiGe film and a silicon capping film. In
certain embodiments, the dimensions of 206 and 207 after
oxidation are sublithographic. In a particular embodiment,
the oxidation reduces the pre-oxidation thickness and width
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of semiconductor bodies 206 and 207 by about half.
Depending on the composition of the sacrificial film 510, a
condensation may occur during thermal oxidation of film
510 thereby changing the final composition of the bodies
206 and 207. In an embodiment, the germanium concentra-
tion of SiGe body 206 is increased by the amount of
germanium present in film 510 and by the extent of the
oxidation performed on the body 206. In certain embodi-
ments, body 206 will have a germanium concentration
resulting from the cumulative formation of alloyed region
335 and thermal oxidation of film 510, while body 207 will
have a germanium concentration resulting from just the
thermal oxidation of the film 510. In a further embodiment,
a first pMOS device formed from body 206 will have a first
threshold voltage and a second pMOS device formed from
body 207 will have a second threshold voltage.

[0042] Once the bodies 206 and 207 have been prepared,
a gate dielectric layer 212, as shown in FIG. 3F, is formed
on each of the semiconductor bodies 206 and 207 in a
manner dependent on the type of device (single-gate, dual-
gate, tri-gate, etc.). In a tri-gate embodiment of the present
invention, a gate dielectric layer 212 is formed on the top
surface of each of the semiconductor bodies 206 and 207, as
well as on the opposite sidewalls of each of the semicon-
ductor bodies. In certain embodiments, such as dual-gate
embodiments, the gate dielectric is not formed on the top
surface of bodies 206 and 207. The gate dielectric can be a
deposited dielectric or a grown dielectric. In an embodiment
of the present invention, the gate dielectric layer 212 is a
silicon dioxide dielectric film grown with a dry/wet oxida-
tion process. In an embodiment of the present invention, the
gate dielectric film 212 is a deposited high dielectric con-
stant (high-K) metal oxide dielectric, such as tantalum
pentaoxide, titanium oxide, hafnium oxide, zirconium oxide,
aluminum oxide, or another high-K dielectric, such as
barium strontium titanate (BST). A high-K film can be
formed by well-known techniques, such as chemical vapor
deposition (CVD) and atomic layer deposition (ALD).

[0043] As shown in FIG. 3F, a gate electrode 213 is
formed on both the pMOS and nMOS devices. In certain
embodiments, the same gate electrode material is used for
both the pMOS device 204 and nMOS device 205. In an
embodiment of the present invention, the gate electrode 213
is formed on the gate dielectric layer 212 formed on the top
surface of each of semiconductor bodies 206 and 207 and is
formed on the gate dielectric 212 formed on the sidewalls of
each bodies 206 and 207. The gate electrode can be formed
to a thickness between 200-3000 A. In an embodiment, the
gate electrode has a thickness of at least three times the
height of the semiconductor bodies 206 and 207. In an
embodiment of the present invention, the gate electrode is a
mid-gap metal gate electrode such as, tungsten, tantalum
nitride, titanium nitride or titanium silicide, nickel silicide,
or cobalt silicide. In an embodiment of the present invention
gate electrode 213 is simultaneously formed for both the
pMOS device 204 and nMOS device 205 by well-known
techniques, such as blanket depositing a gate electrode
material over the substrate of and then patterning the gate
electrode material for both the pMOS and nMOS devices
through photolithography and etch. In other embodiments of
the present invention, “replacement gate” methods are used
to form both the pMOS and nMOS gate electrodes 213,
concurrently or otherwise.
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[0044] Source regions 216 and drain regions 217 for the
transistor are formed in semiconductor bodies 206 and 207
on opposite sides of gate electrode 213, as shown in FIG. 3F.
In an embodiment of the present invention, the source and
drain regions include tip or source/drain extension regions.
For a pMOS transistor, the semiconductor fin or body 206 is
doped to p-type conductivity and to a concentration between
1x10"°-1x10?" atoms/cm®. For an nMOS transistor, the
semiconductor fin or body 207 is doped with n-type con-
ductivity ions to a concentration between 1x10'°-1x10*
atoms/cm?. At this point the CMOS device of the present
invention is substantially complete and only device inter-
connection remains.

[0045] A method of fabricating a CMOS device on a bulk
substrate in accordance with an embodiment of the present
invention as shown in FIG. 2B is illustrated in FIGS. 4A-4H.
The method of fabrication on a bulk substrate in accordance
with an embodiment of the present invention is relatively
similar to the method of fabrication previously described for
an SOI structure in reference to FIGS. 3A-3F. In certain
embodiments of the present invention, the substrate 202 of
FIG. 4A is a “bulk” semiconductor substrate, such as a
silicon monocrystalline substrate or gallium arsenide sub-
strate. In particular embodiments of the present invention,
the substrate 202 is a silicon semiconductor substrate having
a doped epitaxial region with either p-type or n-type con-
ductiyity having an impurity concentration level between
1x10 -1x10" atoms/cm®. In another embodiment of the
present invention, the substrate 202 is a silicon semicon-
ductor substrate upon which there is an undoped, or intrinsic
epitaxial silicon region.

[0046] In embodiments of the present invention, a well
region of semiconductor substrate 202 is selectively doped
to p-type or n-type conductivity with a concentration level
between about 1x10'°-1x10'? atoms/cm’. Semiconductor
substrate 202 can be doped by, for example, ion-implanta-
tion enabling both pMOS and NMOS well regions to be
fabricated easily on the same substrate. The doping level of
the semiconductor substrate 202 at this point can determine
the doping level of the channel region of the device.

[0047] As shown in FIG. 4A, a masking layer 410, like
masking layer 310 in FIG. 3A, is used to define the active
regions of the devices 204 and 205 on the bulk semicon-
ductor substrate. The method of forming masking layer 410
can be essentially the same as those described for masking
layer 310 of FIG. 3A. Similarly, as shown in FIG. 3B,
epitaxial semiconductor film 425 is then formed on the
region of substrate 202 not protected by making layer 410,
in the same manner as described in reference to FIG. 3B for
the SOI substrate.

[0048] As shown in FIG. 4C, outdiffusion barrier 430 is
formed in the manner described in reference to FIG. 3C.
Film 425 is intermixed with a region of semiconductor
substrate 202 to form alloyed region 435. Following inter-
mixing, in the embodiment shown in FIG. 4D, the mask 420
and outdiffusion barrier 430 are removed and mask 410 may
be formed as described in reference to FIG. 3D. In the
embodiment shown in FIG. 4E, the semiconductor regions
435 and 202 are etched using commonly known methods,
very similar to those previously described for semiconductor
regions 335 and 315 of SOI substrate in reference to FIG.
3E, to form recesses or trenches 440 on the substrate in
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alignment with the outside edges of masking portion 410.
The trenches 440 are etched to a depth sufficient to isolate
adjacent transistors from one another. In a particular
embodiment, trenches 440 are etched to a depth greater than
the thickness of region 435. As shown in FIG. 4F, the
trenches 440 are filled with a dielectric to form shallow
trench isolation (STI) regions 210 on substrate 202. In an
embodiment of the present invention, a liner of oxide or
nitride on the bottom and sidewalls of the trenches 440 is
formed by commonly known methods, such as thermal
oxidation and nitridation. Next, the trenches 440 are filled by
blanket depositing an oxide over the liner by, for example,
a high-density plasma (HDP) chemical vapor deposition
process. The deposition process will also form dielectric on
the top surfaces of the mask portions 410. The fill dielectric
layer can then be removed from the top of mask portions 410
by chemical, mechanical, or electrochemical, polishing tech-
niques. The polishing is continued until the mask portions
410 are revealed, forming STI regions 210. In an embodi-
ment of the present invention, as shown in FIG. 4F, the mask
portions 410 are selectively removed at this time.

[0049] In certain embodiments, as shown in FIG. 4G, the
STI regions 210 are etched back or recessed to form the
sidewalls of the semiconductor bodies 206 and 207 of the
device 204 and complementary device 205, respectively.
STI regions 210 are etched back with an etchant, which does
not significantly etch the semiconductor bodies 206 and 207.
In embodiments where semiconductor bodies are silicon and
silicon-germanium, isolation regions 210 can be recessed
with an etchant comprising a fluorine ion, such as HF. In
other embodiments, STI regions 210 are recessed using a
commonly known anisotropic etch followed by an isotropic
etch to completely remove the STI dielectric from the
sidewalls of the semiconductor bodies 206 and 207. STI
regions 210 are recessed by an amount dependent on the
desired channel width of the transistors formed in 204 and
205. In a particular embodiment, the STI regions 210 are
recessed by an amount less than thickness of film 435. In
another embodiment of the present invention, STI regions
210 are recessed by approximately the same amount as the
width dimension of the top surface of the semiconductor
bodies 206 and 207. In other embodiments, the STI regions
210 are recessed by a significantly larger amount than the
width dimension of the top surface of the semiconductor
bodies 206 and 207. In still other embodiments, the STI
regions 210 are not recessed so that planar, or single-gate,
devices can be formed.

[0050] Once the non-planar semiconductor bodies 206 and
207 are formed on the bulk substrate, the remaining fabri-
cation operations are analogous to those previously
described for embodiments on SOI substrates. As described
for the SOI embodiments in reference to FIGS. 5A-5C,
semiconductor sacrificial region may also be formed on
semiconductor bodies 206 and 207 and oxidized, if desired.
As shown in FIG. 4H, a gate insulator 212, gate electrode
213, source regions 216, and drain regions 217 are formed
on both the device in region 204 and complementary device
in region 205 following embodiments analogous to those
previously described in the context of an SOI substrate in
reference to FIG. 3F. At this point the transistors of the
present invention formed on a bulk substrate is substantially
complete and only device interconnection remains.
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[0051] Although the invention has been described in lan-
guage specific to structural features and/or methodological
acts, it is to be understood that the invention defined in the
appended claims is not necessarily limited to the specific
features or acts described. Rather, the specific features and
acts are disclosed as particularly graceful forms of imple-
menting the claimed invention.

We claim:
1. An apparatus comprising:

a first transistor of a first type on a substrate and a second
transistor of a type complementary to said first transis-
tor on an alloyed region of said substrate, wherein a
gate electrode of said first transistor has substantially
the same work function as a gate electrode of said
second transistor.

2. The apparatus of claim 1, wherein the band gap of said
alloyed region is smaller than that of said substrate.

3. The apparatus of claim 1, wherein said first type is
nMOS and said complementary type is pMOS.

4. The apparatus of claim 1, wherein said first transistor
and said second transistor have a threshold voltage magni-
tude less than about 0.7 V.

5. The apparatus of claim 1, wherein said alloyed region
is comprised of a silicon-germanium alloy.

6. The apparatus of claim 1, wherein said alloyed region
is on an insulating layer of said substrate.

7. The apparatus of claim 1, wherein said gate electrode
of said first transistor and said gate electrode of said second
transistor have a mid-gap work function between about 4.5
eV and about 4.9 eV.

8. A method, comprising:

forming an epitaxial semiconductor film on a first region
of a substrate;

forming an outdiffusion barrier over said epitaxial semi-
conductor film;

forming an alloy region by alloying said first region with
said epitaxial semiconductor film; and

forming a first transistor on said alloy region.
9. The method of claim 8, further comprising:

forming a second transistor, complementary to said first
transistor, on a second region of said substrate.
10. The method of claim 8, further comprising:

removing said outdiffusion barrier.
11. The method of claim 8, further comprising:

forming a gate electrode on said first transistor having the
same work function as the gate electrode formed on
said second transistor.
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12. The method of claim 8, wherein said epitaxial semi-
conductor film comprises a silicon-germanium alloy.

13. The method of claim 8, wherein said first region has
a higher germanium concentration after alloying than that of
said epitaxial semiconductor film before alloying.

14. The method of claim 8, wherein said outdiffusion
barrier comprises a high-k dielectric.

15. The method of claim 8, wherein forming said outdif-
fusion barrier comprises thermally oxidizing a portion of
said first epitaxial semiconductor film.

16. The method of claim 8, wherein said first region has
a film thickness less than that of said epitaxial semiconduc-
tor film.

17. The method of claim 8, further comprising:

forming a non-planar semiconductor body on said first
region by recessing an isolation region adjacent to said
first region.

18. The method of claim 8, further comprising:

forming a sacrificial film over a non-planar semiconductor
body;

forming a thermally oxidized region by thermally oxidiz-
ing said sacrificial film and a portion of said non-planar
semiconductor body; and

removing said thermally oxidized region from said non-

planar body.

19. The method of claim 18, wherein forming said sac-
rificial film comprises forming an epitaxial semiconductor
film comprised of silicon-germanium buffer and a silicon
cap.

20. The method of claim 18, wherein forming said sac-
rificial film further comprises forming an epitaxial film
comprised of silicon.

21. A method comprising:

adjusting a threshold voltage of a pMOS transistor by
forming said pMOS transistor on an alloyed portion of
a substrate, wherein said alloyed portion has a conduc-
tion band offset from a non-alloyed portion of said
substrate.

22. The method of claim 21, wherein forming said pMOS
transistor further comprises forming said alloyed portion
from an alloy of silicon and germanium.

23. The method of claim 21, wherein an nMOS transistor
is formed in a non-alloyed portion of said substrate.

24. The method of claim 21, wherein said pMOS transis-
tor gate electrode is formed from the same mid-gap work
function material used to form the gate electrode of an
nMOS transistor formed on said substrate.





