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[57] ABSTRACT

A novel transistor with a low resistance ultra shallow tip
region and its method of fabrication in a complementary
metal oxide semiconductor (CMOS) process. According to
the preferred method of the present invention, a first gate
dielectric and a first gate electrode are formed on a first
portion of a semiconductor substrate having a first conduc-
tivity type, and a second gate dielectric and a said gate
electrode are formed on a second portion of semiconductor
substrate having a second conductivity type. A silicon nitride
layer is formed over the first portion of the semiconductor
substrate including the first gate electrode and over the
second portion of the semiconductor substrate including the
second gate electrode. The silicon nitride layer is removed
from the second portion of the silicon substrate and from the
top of the second gate electrode to thereby form a first pair
of silicon nitride spacers adjacent to opposite sides of the
second gate electrode. A pair of recesses are then formed in
the second portion of the semiconductor substrate in align-
ment with the first pair of sidewall spacers. A selectively
deposited semiconductor material is then formed in the
recesses.

52 Claims, 13 Drawing Sheets
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TRANSISTOR WITH LOW RESISTANCE TIP
AND METHOD OF FABRICATION IN A
CMOS PROCESS

This application is a Continuation-in-Part of U.S. patent
application Ser. No. 08/363,749, filed Dec. 23, 1994 now
U.S. Pat. No. 5,710,450 and assigned to the present
Assignee.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the field of semiconductor
integrated circuits, and more specifically, to the ultra large-
scale fabrication of submicron transistors.

2. Discussion of Relates Art

Today literally millions of individual transistors are
coupled together to form very large-scale integrated (VLSI)
circuits, such as microprocessors, memories, and applica-
tions specific integrated circuits (ICs). Presently, the most
advanced ICs are made up of approximately three million
transistors, such as metal oxide semiconductor (MOS) field
effect transistors having gate lengths on the order of 0.5 yum.
In order to continue to increase the complexity and compu-
tational power of future integrated circuits, more transistors
must be packed into a single IC (i.e., transistor density must
increase). Thus, future ultra large-scale integrated (ULSI)
circuits will require very short channel transistors with
effective gate lengths less than 0.1 ym. Unfortunately, the
structure and method of fabrication of conventional MOS
transistors cannot be simply “scaled down” to produce
smaller transistors for higher density integration.

The structure of a conventional MOS transistor 100 is
shown in FIG. 1. Transistor 100 comprises a gate electrode
102, typically polysilicon, formed on a gate dielectric layer
104 which in turn is formed on a silicon substrate 106. A pair
of source/drain extensions or tip regions 110 are formed in
the top surface of substrate 106 in alignment with outside
edges of gate electrode 102. Tip regions 110 are typically
formed by well-known ion implantation techniques and
extend beneath gate electrode 102. Formed adjacent to
opposite sides of gate electrode 102 and over tip regions 110
are a pair of sidewall spacers 108. A pair of source/drain
regions 120 are then formed, by ion implantation, in sub-
strate 106 substantially in alignment with the outside edges
of sidewall spacers 108.

As the gate length of transistor 100 is scaled down in
order to fabricate a smaller transistor, the depth at which tip
region 110 extends into substrate 106 must also be scaled
down (i.e., decreased) in order to improve punchthrough
characteristics of the fabricated transistor. Unfortunately, the
length of tip region 110, however, must be larger than 0.07
um to insure that the later, heavy dose, deep source/drain
implant does not swamp and overwhelm tip region 110.
Thus, in the fabrication of a small scale transistor with
conventional methods, as shown in FIG. 1, the tip region 110
is both shallow and long. Because tip region 110 is both
shallow and long, tip region 110 exhibits substantial para-
sitic resistance. Parasitic resistance adversely effects
(reduces) the transistors drive current.

Thus, what is needed is a novel transistor with a low
resistance ultra shallow tip region with a VLSI manufactur-
able method of fabrication in a CMOS process.

SUMMARY OF THE INVENTION

A novel transistor with a low resistance ultra shallow tip
region and its method of fabrication in a complementary
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2

metal oxide semiconductor process (CMOS) is described.
According to a preferred method of the present invention, a
first gate dielectric and a first gate electrode are formed on
a first portion of a semiconductor substrate having a first
conductivity type, and a second gate dielectric and a second
gate electrode are formed on a second portion of a semi-
conductor substrate having a second conductivity type.
Next, ions of a second conductivity type are implanted into
the first portion of the semiconductor substrate in alignment
with the outside edges of the first gate electrode. A silicon
nitride layer is then formed over the first portion of the
semiconductor substrate including the first gate electrode
and over the second portion of the semiconductor substrate
including the second gate electrode. The silicon nitride layer
is then removed from the second portion of the silicon
substrate and from the top of the second gate electrode to
thereby form a first pair of silicon nitride spacers adjacent to
opposite sides of the second gate electrode. A pair of
recesses are then formed in the second portion of the
semiconductor substrate in alignment with the first pair of
silicon nitride spacers. A selectively deposited semiconduc-
tor material is then formed in the recesses. Dopants are then
diffused from the selectively deposited semiconductor mate-
rial into the substrate beneath the first pair of silicon nitride
spacers. Next, a first pair of sidewall spacers are formed
adjacent to opposite sides of the first gate electrode and a
second pair of sidewall spacers are formed on the deposited
semiconductor material adjacent to the outside edge of the
first pair of silicon nitride spacers. Ions of a second con-
ductivity type are then implanted into the first portion of the
semiconductor substrate in alignment with the outside edges
of the first pair of sidewall spacers adjacent to the first gate
electrode to thereby form a first pair of source/drain contact
regions in the first portion of the semiconductor substrate.
Silicide is then formed on the source/drain contact regions
and on the first gate electrode and on the deposited semi-
conductor material in alignment with the outside edges of
the second pair of sidewall spacers are on the second gate
electrode.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an illustration of a cross-sectional view of a
conventional transistor.

FIG. 2 is an illustration of a cross-sectional view of a low
resistance ultra shallow tip transistor of the present inven-
tion.

FIG. 3a is an illustration of a cross-sectional view of the
formation of a first gate electrode on a p-well and the
formation of a second gate electrode on a n-well.

FIG. 3b is an illustration of a cross-sectional view of the
formation of a N- tip region in the p-well in alignment with
opposite sidewalls of the first gate electrode of the substrate
of FIG. 3a.

FIG. 3c is an illustration of a cross-sectional view of the
formation of a silicon nitride layer over the substrate of FIG.
3b.

FIG. 34 is an illustration of a cross-sectional view show-
ing the formation of a first pair of sidewall spacers on
opposite sides of a gate electrode formed on a substrate and
the formation of recess regions in the n-well of the substrate
of FIG. 3c.

FIG. 3¢ is an illustration of a cross-sectional view show-
ing the deposition of semiconductor material on the sub-
strate of FIG. 3d.

FIG. 3f is an illustration of a cross-sectional view showing
the formation of an oxide layer and a silicon nitride layer
over the substrate of FIG. 3e.
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FIG. 3g is an illustration of a cross-sectional view show-
ing the formation of a first pair of sidewall spacers adjacent
to the first gate electrode and a second pair of sidewall
spacers adjacent to the first pair of silicon nitride spacers on
the substrate of FIG. 3f.

FIG. 3/ is an illustration of a cross-sectional view show-
ing the formation of silicide in the source/drain contact
regions and on the deposited semiconductor material of FIG.
3g.

FIG. 4a is an illustration of a cross-sectional view show-
ing the formation of a boron doped glass layer and the
formation of N- tip regions in the substrate of FIG. 3a.

FIG. 4b is an illustration of a cross-sectional view show-
ing the formation of a silicon nitride layer over the substrate
of FIG. 4a.

FIG. 4c is an illustration of a cross-sectional view show-
ing the formation of a first pair of composite sidewall
spacers adjacent to the gate electrode over the n-well of the
substrate of FIG. 4b.

FIG. 44 is an illustration of a cross-sectional view show-
ing the formation of semiconductor material on the substrate
of FIG. 4c.

FIG. 4e is an illustration of a cross-sectional view show-
ing the formation of a first pair of spacers adjacent to the gate
electrode formed over the p-well and the formation of a
second pair of spacers adjacent to the first pair of composite
spacers formed adjacent to the gate electrode over the n-well
of the substrate of FIG. 4d.

FIG. 4fis an illustration of a cross-sectional view showing
the out diffusion of impurities from deposited semiconductor
material and the formation of silicide on the substrate of
FIG. 4e.

FIG. 5a is an illustration of a cross-sectional view show-
ing the formation of a silicon nitride layer over the substrate
of FIG. 3a.

FIG. 5b is an illustration of a cross-sectional view show-
ing the formation of spacers and recesses on the substrate of
FIG. 5a.

FIG. 5c¢ is an illustration of a cross-sectional view show-
ing the masking of the n-well and the formation of semi-
conductor material on the p-well of the substrate of FIG. 5b.

FIG. 5d is an illustration of a cross-sectional view show-
ing the formation of a mask over the p-well and the
formation of semiconductor material on the n-well of the
substrate of FIG. Sc.

FIG. 5e is an illustration of a cross-sectional view show-
ing the formation of a thin oxide layer and the formation of
a thicker silicon nitride layer over the substrate of FIG. 5d.

FIG. 5f1s an illustration of a cross-sectional view showing
the formation of a second pair of spacers and the out
diffusion of dopants from semiconductor material on the
substrate of FIG. Se.

FIG. 6a is an illustration of a cross-sectional view show-
ing the formation of p-type semiconductor material on a
n-well, and the formation of undoped semiconductor mate-
rial on a p-well of a substrate.

FIG. 6b is an illustration of a cross-sectional view show-
ing the formation of a mask and the ion implantation of the
substrate of FIG. 6a.

FIG. 6c¢ is an illustration of a cross-sectional view show-
ing the formation of sidewall spacers and the implantation of
the substrate of FIG. 6b.

FIG. 64 is an illustration of a cross-sectional view show-
ing the diffusion of impurities from semiconductor material
and the formation of silicide of the substrate of FIG. éc.
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FIG. 7a is an illustration of a cross-sectional view show-
ing the formation and patterning of a boron doped glass layer
on the substrate of FIG. 3a.

FIG. 7b is an illustration of a cross-sectional view show-
ing the formation of a silicon nitride layer over the substrate
of FIG. 7a.

FIG. 7c is an illustration of a cross-sectional view show-
ing the formation of spacers and recesses in the substrate of
FIG. 7b.

FIG. 7d is an illustration of a cross-sectional view show-
ing the formation of semiconductor material over the sub-
strate of FIG. 7c.

FIG. 7¢ is an illustration of a cross-sectional view show-
ing the formation of a second pair of spacers over the
substrate of FIG. 7d.

FIG. 7f is an illustration of a cross-sectional view showing
the out diffusion of impurities from deposited semiconductor
material and the formation of silicide on the substrate of
FIG. 7e.

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

A novel transistor with a low resistance ultra shallow tip
and its method of fabrication in a complementary metal
oxide semiconductor (CMOS) process is described. In the
following description numerous specific details are set forth,
such as specific materials, dimensions, and processes, etc.,
in order to provide a thorough understanding of the present
invention. It will be obvious, however, to one skilled in the
art, that the invention may be practiced without these
specific details. In other instances, well-known semiconduc-
tor equipment and processes have not been described in
particular detail in order to avoid unnecessarily obscuring
the present invention.

A preferred embodiment of a novel transistor 200 with
low resistivity, ultra shallow tip of the present invention is
shown in FIG. 2. Transistor 200 is formed on a silicon
substrate or well 201. A gate dielectric layer 202 is formed
on a surface 203 of substrate 201 and a gate electrode 204
is in turn formed on gate dielectric layer 202. A first pair of
thin sidewall spacers 206 are formed on opposite sides of
gate electrode 204 (spacers 206 run along the “width” of
gate electrode 204). Transistor 200 also includes a second
pair of substantially thicker sidewall spacers 208 formed
adjacent to the outside edges of the first pair of sidewall
spacers 206. Transistor 200 includes a pair of source/drain
regions 211 each comprising a pair of tips or source/drain
extensions 210 and a source/drain contact region 212.

Tip or source/drain extension 210 is defined as the source/
drain region located beneath second sidewall spacer 208,
first sidewall spacer 206, and the outside edge of gate
electrode 204. Tip 210 comprises an ultra shallow tip portion
214 and a raised tip portion 216. Ultra shallow tip portion
214 is comprised of a doped semiconductor substrate 215
formed by “out diffusing” dopants from selectively depos-
ited semiconductor material 217 into substrate 201. Ultra
shallow tip 214 extends from beneath first sidewall spacer
206 to the outside edges of gate electrode 204. Ultra shallow
tip 214 preferably extends at least 100 A beneath (laterally)
gate electrode 204 and preferably 500 A for a transistor with
an effective gate length of approximately 0.10 microns (or
1000 A) and a drawn gate length of 0.2 um. Additionally,
ultra shallow tip 214 preferably extends less than 1000 A
deep into substrate 201 beneath substrate surface 203 for a
0.10 um effective gate length. It is to be appreciated that
because novel methods of fabrication are employed in the
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present invention, ultra shallow tip 214 can be characterized
by a very abrupt junction.

Tip 210 of transistor 200 also includes a raised tip portion
216. Raised tip portion 216 is located beneath second
sidewall spacer 208 and is adjacent to the outside edges of
first sidewall spacer 206. Raised tip 216 is preferably formed
of doped semiconductor material 217 selectively deposited
both above and below surface 203 of semiconductor sub-
strate 201. Raised tip portion 216 also includes a portion 215
doped by “out diffusing” dopants from selectively deposited
semiconductor material 217 into substrate 201. Because a
portion of raised tip 216 is formed above semiconductor
substrate surface 203, raised tip 216 is said to be “raised”. A
raised tip significantly reduces the parasitic resistance of
transistor 200 and thereby improves its performance.

A pair of source/drain contact regions 212 are formed
adjacent to the outside edge of second sidewall spacer 208.
Source/drain contact regions 212 comprise selectively
deposited semiconductor material 217 and “out diffused”
doped semiconductor substrate 215. Source/drain contact
regions 212 are partially raised source/drain regions. Silicide
218 is preferably formed on source/drain regions 212 in
order to reduce the contact resistance of transistor 200.
Additionally, according to the present invention, first semi-
conductor material 217 is preferably deposited onto the top
surface of gate electrode 204. Silicide 218 is also preferably
formed on deposited semiconductor material 217 on gate
electrode 204 to help improve contact resistance.
Additionally, if desired, source/drain contact regions 212
can be made into deep junction source/drain contacts by ion
implanting or diffusing additional dopants into a region 220
in substrate 201 in alignment with the outside edges of
second sidewall spacers 208.

It is to be appreciated that a valuable feature of the present
invention is the fact that transistor 200 includes a tip or
source/drain extension 210 which is both ultra shallow and
raised. In this way, transistor 200 has a shallow tip with a
very low parasitic resistance. The novel structure of tran-
sistor 200 allows for tip scaling necessary for the fabrication
of transistor 200 with effective gate length less than 0.12 yum.
Because of the novel tip structure 210 of the present
invention, transistor 200 has good punchthrough perfor-
mance and reduced V; roll-off. Additionally, because of tip
210, transistor 200 has a low parasitic resistance, resulting in
good drive current.

The present invention describes several methods of inte-
grating the fabrication of a transistor with a low resistance
ultra shallow tip into a CMOS process (i.e. into a process
where both n-type and p-type transistors are formed).

According to a first preferred method of the present
invention, as illustrated in FIGS. 3a-3/, a PMOS transistor
having a low resistance ultra shallow tip is fabricated with
a conventional NMOS transistor. According to the preferred
method of the present invention, a silicon substrate 300 is
provided. A plurality of field isolation regions 305 are
formed in substrate 300 to isolate wells of different conduc-
tivity types and to isolate adjacent transistors. Field isolation
regions 305 are preferably shallow trench isolation (STI)
regions formed by etching a trench into substrate 300 and
then filling the trench with a deposited oxide. Although STI
isolation regions are preferred because of their ability to be
formed to small dimensions with a high degree of planarity,
other methods can be used such as, but not limited to,
LOCOS, recessed LOCOS, or silicon on insulator (SOI),
and suitable insulators, other than oxides, such as nitrides
may be used if desired.
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Silicon substrate 300 includes a first region 302 of p-type
conductivity in the range of 1x10'7/cm>*~1x10*°/cm® and a
second region 304 of n-type conductivity in the range of
1x10'7/cm®~1x10*°/cm®. According to the preferred
embodiment, n-type conductivity region 304 is a n-well
formed by a first implant of phosphorous atoms at a dose of
4x10"/cm* and an energy of 475 keV, a second implant of
phosphorous atoms at a dose of 2.5x10"%/cm? at an energy
of 60 keV, and a final implant of arsenic atoms at a dose of
1x10%3/cm? at an energy of 180 keV into a silicon substrate
300 having a concentration of 1x10'%/cm® in order to
produce a n-well 304 having a n-type concentration of
approximately 7.0x10'7/cm>. Additionally, according to the
preferred embodiment of the present invention, p-type con-
ductivity region 302 is a p-well formed by a first implant of
boron atoms at a dose of 3.0x10"*/cm? at an energy of 230
keV followed by a second implant of boron ions at a dose of
4.2x10"/cm> and an energy of 50 keV into substrate 300 in
order to produce a p-well 302 having a p-concentration of
7.0x10"7/cm?>. It is to be appreciated that p-type conductivity
region 302 and n-type conductivity 304 may be formed by
other means including providing an initially doped substrate,
or depositing an insitu doped semiconductor material with a
desired conductivity. According to the present invention, a
substrate is defined as the starting material on which the
transistors of the present invention are fabricated and
includes p-well 302 and n-well 304.

According to the present invention, a first gate dielectric
layer 303 is formed on the top surface 301 of substrate 300
as shown in FIG. 3a. Gate dielectric layer 303 is preferably
a nitrided oxide layer formed to a thickness of between
20-50 angstroms (A). It is to be appreciated that other well
known gate dielectric layers such as oxides, nitrides, and
combinations thereof may be utilized if desired. Next, a gate
electrode 306 is formed over gate dielectric layer 303
formed over p-well 302 and a gate electrode 308 is formed
over gate dielectric layer 303 formed over n-well 304. Gate
electrodes 306 and 308 are preferably formed from a
1000-3500 A thick layer of blanket deposited polysilicon
patterned into gate electrodes 306 and 308 with well known
photolithographic techniques. If desired, the polysilicon
layer can be ion implanted to the desired conductivity type
and level prior to patterning.

It is to be appreciated that other well known patterning
techniques may be utilized to pattern the polysilicon layer
into gate electrodes 306 and 308 including submicron lithog-
raphy techniques, such as e-beam and x-ray, and subphoto-
lithographic patterning techniques such as described in U.S.
Pat. No. 5,434,093 entitled “Inverted Spacer Transistor” and
assigned to the present Assignee. According to the presently
preferred method of the present invention, polysilicon gate
electrodes 306 and 308 preferably have a drawn length of
approximately 0.2 um (i.e. 2000 A). Additionally, although
gate electrodes 306 and 308 are preferably polysilicon gate
electrodes, gate electrodes 306 and 308 can be, but are not
limited to, metal gates, a single crystalline silicon gate, or
any combination thereof, if desired.

Next, as shown in FIG. 3b, substrate 300 is covered with
a photoresist layer. The photoresist layer is then patterned
with well known photolithography techniques to form a
photoresist mask 310 which exposes p-well 302 and masks
n-well 304. Next, n-type conductivity ions are implanted
into substrate 300 to form conventional N- tip regions 312
in alignment with the outside edges of gate electrode 306.
Gate electrode 306 prevents the region beneath gate elec-
trode 306 from being implanted with ions. Additionally,
photoresist mask 310 prevents n-well 304 from being doped
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by the N- tip implant. N- tip regions 312 preferably have a
concentration in the range of approximately 1x10*%~1x10°/
cm’. N- tip regions 312 can be formed by ion implanting
arsenic atoms at a dose of 1x10"%/cm? and an energy of 10
keV. (It is to be appreciated that N- tip regions 312 will
diffuse laterally beneath gate electrode 306 during a subse-
quent RTP annealing process.) Next, photoresist mask 310 is
removed by well known techniques.

Next, as shown in FIG. 3¢, a silicon nitride layer 314 is
formed over substrate 300 including p-well 302, the top and
sides of gate electrode 306, n-well 304 and the top and sides
of gate electrode 308. Silicon nitride layer 314 is formed to
a thickness of between 50-500 A with approximately 150 A
being preferred. It is to be appreciated that silicon nitride
layer 314 must be formed thick enough to electrically isolate
a subsequently deposited semiconductor material from gate
electrode 306. Additionally, the thickness of silicon nitride
layer 314 defines a resulting spacer thickness and thus the
minimum length of ultra shallow tip portion of the fabricated
PMOS transistor.

Silicon nitride layer 314 is preferably formed by a “hot-
wall” process to provide a very hermetic seal of gate
electrodes 306 and 308, and the edges of gate dielectric 303.
By forming silicon nitride layer 314 directly onto gate
electrode 306 and 308, a hermetic seal is formed and the hot
electron lifetime of the fabricate transistors dramatically
improved. (It is to be appreciated that a native monolayer of
oxide can incidentally form on gate electrodes 306 and 308
prior to deposition of silicon nitride layer 314. Such a
monolayer of oxide does not affect the integrity of the
hermetic seal of silicon nitride layer 314 and is considered
unimportant to the present invention.) Additionally,
although a hot wall silicon nitride layer is preferred in the
present invention because of the hermetic seal it forms, any
other suitable insulating layer, such as a deposited oxide, can
be used if desired.

Silicon nitride layer 314 can be formed by a low pressure
chemical vapor deposition (LPCVD) process by reacting
ammonia (NH;) and dichlorosilane (DCS) at a pressure of
approximately 10 pascals and at a temperature of approxi-
mately 800° C.

Next, a photoresist layer is blanket deposited over sub-
strate 300. The photoresist layer is then masked, exposed
and developed with well known photolithographic tech-
niques to form a photoresist mask 316 over p-well 302, and
to reveal n-well 304 as shown in FIG. 3c.

Next, as shown in FIG. 34, silicon nitride layer 314
formed over n-well 304 and gate electrode 308 is antisotro-
pically dry etched to form a first pair of silicon nitride
spacers 318. It is to be appreciated that silicon nitride layer
314 over p-well 302 and gate electrode 306 remains
unetched because it is protected by photoresist mask 316.

According to the first preferred method of the present
invention after silicon nitride layer 314 has been removed
from n-well 304, the antisotropic etch is continued to form
a pair of recesses 320 in n-well 304 in alignment with the
outside edges of the first pair of silicon nitride spacers 318.
It is to be noted that the top surface of polysilicon gate
electrode 308 is also etched during the silicon substrate
recess etch. Gate electrode 308 and the first pair of nitride
spacers 318 act as a mask preventing substrate surface 301
located underneath from being etched. In this way, the recess
etch of the present invention is self-aligned to the outside
edges of first silicon nitride spacers 318. According to the
preferred embodiment of the present invention, n-well 304
is etched to form recesses 320 with a depth of between
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approximately 20-1000 A with a depth of 200 A below
substrate surface 301 being preferred. It is to be appreciated
that the depth of recesses 320 defines the minimum depth at
which the fabricated PMOS transistor’s ultra shallow tips
will extend into n-well 304. The deeper the recesses 320, the
deeper the PMOS transistor’s tip regions will extend in
n-well 304.

According to the first preferred method of the present
invention, silicon nitride spacers 318 and recesses 320 are
formed insitu (i.c. in the same etch chamber) using a
chemistry comprising C,F, and a power of approximately
200 watts. According to the preferred method of the present
invention, the power is reduced from approximately 700
mtorr to approximately 500 mtorr after silicon nitride layer
314 has been removed from the surface 301 of n-well 304
and recesses 320 begin to etch.

Next, as shown in FIG. 3¢, photoresist mask 316 is
removed from p-well 302 with well known techniques.
Next, according to the first preferred method of the present
invention, as shown in FIG. 3¢, a semiconductor material
322 is selectively deposited into recesses 320 and onto the
top surface of gate electrode 308. Semiconductor material
322 is selectively deposited so that if forms only on exposed
silicon such as n-well 304 and the top of polysilicon gate
electrode 308. Because silicon nitride layer 314 covers
p-well 302 and gate electrode 306, no semiconductor mate-
rial is deposited onto p-well 302 and gate electrode 306.
Additionally, no semiconductor material is deposited onto
silicon nitride spacers 318. Silicon nitride spacers 318
electrically isolate semiconductor material 322 formed in
recesses 320 from gate electrode 308. Semiconductor mate-
rial 322 is formed to a thickness of between 200-2000 A
with approximately 800 A being preferred. In this way,
semiconductor material 322 is formed both above and below
surface 301 of semiconductor substrate 300. By forming
semiconductor material 322 above substrate surface 301, a
“raised” tip is formed which increases the conductivity of
the tip which in turn improves device performance. By
forming raised tip regions in the present invention, shallow
tips can be formed and good punchthrough characteristics
obtained. Additionally, semiconductor material 322 is pref-
erably silicon-germanium insitu doped with p-type impuri-
ties to a concentration level between 1x10'®/cm®-5x10%%/
cm® with a concentration of approximately 1x10*°/cm>
being preferred.

According to the present invention, semiconductor mate-
rial 320 is preferably a silicon-germanium semiconductor
alloy with germanium comprising approximately 10-50% of
the alloy. A silicon-germanium semiconductor alloy can be
formed by a decomposition of approximately 20 sccm of
dichlorosilane (SiH,Cl,), approximately 130-180 sccm of
1% hydrogen diluted germanium (GeH,), and a p-type
dopant source of approximately 5-100 sccm of 1% hydro-
gen diluted diborane (B,Hg), at a temperature of between
600°-800° C. with 700° C. being preferred and a power of
approximately 20 torrs. In order to increase the selectivity of
the deposition process, approximately 25-50 scem of HCl
can be added to the gas composition if desired. A silicon-
germanium semiconductor material is preferred because it
exhibits good selectivity to silicon during deposition.
Additionally, such a silicon-germanium semiconductor alloy
exhibits many microscopic “faults” and “dislocations”
which aid in the solid state diffusion of dopants through the
semiconductor material.

It is to be appreciated that any semiconductor material
which can be selectively deposited can be used to form
semiconductor material 322. For example, semiconductor
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material 322 can be selectively deposited polycrystalline
silicon formed from dichlorosilane and HCI in an H,
ambient, at a temperature between 600-900° C. or can be
selectively deposited single crystalline silicon formed by
any well known technique. Prior to the selective deposition
of semiconductor material 322, one can utilize a 600°-900°
C. bake in an H, ambient to remove native oxides from the
exposed silicon/polysilicon areas.

It is to be appreciated that the thickness and doping
concentration level of semiconductor material 322 deter-
mines the resistivity of the raised tip portion of the fabricated
PMOS transistor. A thicker and higher doped semiconductor
material 322 results in a transistor with lower parasitic
resistance. An adverse capacitance (i.e. Miller capacitance)
however, can be developed when opposite voltages are
placed on gate electrode 308 and semiconductor material
322. The higher the doping and the thicker the semiconduc-
tor material 322 is, the greater is the Miller capacitance.
Thus, a trade off must be made between the transistor’s
parasitic resistance and its Miller’s capacitance.

Next, as shown in FIG. 3f, a thin, approximately 50-100
A, chemical vapor deposited (CVD) oxide layer 324 is
blanket deposited over substrate 300. Oxide layer 324 is
conformally deposited over silicon nitride layer 314 formed
over p-well 302 and gate electrode 306, and over semicon-
ductor material 322 and silicon nitride spacers 318 formed
on n-well 304. Oxide layer 324 can be formed by any well
known CVD process. It is preferred however, to keep the
deposition temperature below 750° C. so that the thermal
energy does not disturb the implanted N- tip regions 312. An
oxide deposition temperature of approximately 650° C. is
preferred. Next, a substantially thicker, 500-1800 A with
800 A being preferred, CVD silicon nitride layer 326 is
blanket deposited onto oxide layer 324. Silicon nitride layer
326 is preferably formed by a standard CVD “hot-wall”
process at a temperature below 750° C. and temperature of
700° C. being ideal. By keeping the silicon nitride deposi-
tion temperature relatively low, the thermal budget is kept
down and the deposition rate and uniformity made more
controllable. Oxide layer 324 buffers the large stress inher-
ent in silicon nitride layer 326.

Next, silicon nitride layer 326, oxide layer 324, and
silicon nitride layer 314 over p-well 302 are antisotropically
etched to form a pair of composite spacers 328 adjacent to
gate electrode 306 and a pair of composite spacers 330
adjacent to the first pair of silicon nitride spacers 318. Thus,
novel fabricated PMOS device is characterized by having
two sets of spacers, a first pair of thin silicon nitride spacers
318, and a second pair of thicker composite sidewall spacers
330, comprising silicon nitride layer 326 and oxide layer
324. Additionally, the fabricated NMOS transistor includes
a pair of novel composite spacers 328 adjacent to gate
electrode 306 comprising silicon nitride layer 326 and oxide
layer 324, formed on and adjacent to, silicon nitride layer
314. It is to be appreciated that silicon nitride layer 326 of
composite sidewall spacers 328 and 330 help to further
hermetically seal the fabricated transistors of the present
invention.

Next, a photoresist layer is formed over substrate 300. The
photoresist layer is then masked, exposed, and developed to
uncover p-well 302 and to form a photoresist mask 332 over
n-well 304, as shown in FIG. 3g. Next, substrate 300 is
subjected to an N+ implant to form N+ source/drain contact
regions 334 in p-well 302. Any well known ion implantation
technique can be used to implant n-type conductivity
impurities, such as arsenic or phosphorous, to form source/
drain contact regions 334 with a N+ conductivity level of
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between 1x10"°/ecm>~5x10?°/cm® and a depth of approxi-
mately 0.15-0.25 micrometers. Additionally, the ion implan-
tation step can be used to dope polysilicon gate electrode
306 to an N+ conductivity, if not previously doped during
polysilicon gate electrode formation. In this way, gate elec-
trode 306 has the same conductivity type as source/drain
regions 334. It is to be appreciated that the first composite
sidewall spacer 328 must be formed thick and wide enough
to provide a sufficient mask to prevent the deep, high dose
ion implantation of the source/drain contact region 334 from
overwhelming the N- region 312.

Next, as shown in FIG. 34, photoresist mask 332 is
removed with any well known technique. Next, according to
the present invention as shown in FIG. 3/, p-type impurities
or dopants are diffused out from semiconductor material 322
and into n-well 304 to form diffused semiconductor regions
336. The out diffusion of impurities from semiconductor
material 322 forms diffused semiconductor region 336 with
a concentration level approximately equal to the deposited
semiconductor material 322. Impurities are diffused laterally
(horizontally) beneath the first thin silicon nitride spacers
318 until impurities extend at least 100 A (laterally) beneath
the outside edges of a gate electrode 308 and preferably
extend 500 A (laterally) bencath gate clectrode 308. The
portion of diffused semiconductor regions 336 which later-
ally extend beneath the first pair of silicon nitride spacers
318 and gate electrode 308 is the ultra shallow tip portion
317 of tip region 338 of the PMOS transistor. It is to be
appreciated that the out diffusion of impurities also diffuses
Impurities deeper (ie. vertically) into n-well 304. For each
150 A of lateral diffusion, dopants diffuse about 150 A
vertically into p-well 304. Thus, according to the preferred
embodiment of the present invention, ultra shallow tips 317
are approximately 650 Ain length and approx1mately 850 A
deep to provide an approximately 0.1 micron effective gate
length for a drawn gate clectrode length of approximately
2000 A (0.2 um). Additionally, PMOS transistor 360 has a
tip 338 with a raised portion 319 comprising semiconductor
material 322 and diffusion doped semiconductor 336.

According to the preferred embodiment of the present
invention, an anneal using a Rapid Thermal Process (RTP)
is utilized to diffuse impurities from semiconductor material
322 into n-well 304 and form diffusion doped semiconductor
regions 336. According to the preferred RTP of the present
invention, a two step rapid thermal annealing is used. In the
first step, substrate 300 is heated to a temperature of approxi-
mately 500°-700° C., with 600° C. preferred in an ambient
comprising approximately 5-10% O,, with 10% O,
preferred, and 95-80% N,, with 90% N, preferred, for
approximately 20-60 seconds, with 30 seconds preferred.
Because oxygen is included in the ambient during the first
step of the RTP, a thin oxide capping layer (not shown) is
formed on semiconductor material 322 and source/drain
contact regions 334. The thin oxide capping layer prevents
dopant loss (i.e. out diffusion of dopants into the ambient)
during the anneal. In this way, the doping concentrations of
the source/drain regions can be accordingly controlled and
low parasitic resistance regions formed. Additionally, it is to
be noted that the first RTP step also forms a thin capping
layer on exposed gate electrode 306 and semiconductor
material 322 on gate electrode 308 which prevents dose loss
and resultant “poly depletion” effects in the fabricated
transistors. After completion of the first step of the RTP
anneal, the ambient is changed to 100% N, and annealing
continued for an additional 1040 seconds, with 20 seconds
preferred, at a temperature in the range of 850°-1500° C
with 950° C. preferred. The second step of the RTP causes

INTEL - 1116
Page 20 of 29



6,165,826

11

the diffusion of impurities from semiconductor material 322
into substrate 300 and the resultant formation of source/
drain junctions. It is to be appreciated that the two steps of
the RTP anneal of the present invention preferably occur
insitu (i.e. the second anneal step is done serially with and
in the same chamber as the first anneal step). Additionally,
any well known rapid thermal annealing equipment, such as
but not limited to, an AG Associates Rapid Thermal
Processor, can be utilized to conduct the RTP anneal of the
present invention.

It is to be noted that a novel aspect of the present invention
is that the RTP anneal process of the present invention is the
only front end (prior to silicide formation) high temperature
process used to activate and drive all of the implants and
impurity diffusions in the present invention. That is, the
p-well, n-well, tip, and source/drain implants and solid state
diffusion are all activated and driven by the single RTP
anneal process of the present invention. No other high
temperature furnace anneals are utilized in the present
invention to drive/activate the implanted regions and drive
dopant diffusion. In this way, the thermal budget in the
present invention is kept very low and controllable.

It is to be appreciated that a key feature of the present
invention is the fact that the semiconductor material 322 is
formed beneath semiconductor substrate surface 301. That
is, in the present invention a source of dopants 340 is placed
into n-well 304 directly adjacent to the location where the
ultra shallow tip 317 is to be formed. In this way, during the
solid state diffusion step, dopants are able to easily diffuse
from semiconductor material 322 in a single direction
(laterally) below the first silicon nitride spacers 318 and
underneath the outside edge of polysilicon gate electrode
308. This results in a ultra shallow tip 338 which is char-
acterized by a very sharp and adrupt junction with n-well
304. Such an adrupt junction improves the punchthrough
characteristics of the fabricated PMOS transistor.
Additionally, it is to be appreciated that by forming ultra
shallow tips 338 by solid state diffusion, higher conductivity
tips can be fabricated than possible with present standard ion
implantation techniques. A higher concentration tip region
improves the device performance and lowers the parasitic
resistance of the device.

It is to be noted that recesses are not required in the
present invention in order to form and adequately perform-
ing transistor. Recesses are preferred because they allow the
formation of a very adrupt tip/substrate junction which
results in a device with excellent punchthrough character-
istics. If desired, however, semiconductor material can be
placed directly onto the top surface 301 of substrate 300, and
dopants diffused in two directions (horizontally and
vertically) to form tip regions 338. Although such a fabri-
cated transistor would not possess the superior performance
characteristics of a transistor with recess regions, the per-
formance is adequate to provide a reliable transistor.

Additionally, at this time if desired, a protective mask can
be formed over the NMOS transistor over p-well 302 and a
high concentration p-type implant made into semiconductor
material 322 in alignment with the outside edges of com-
posite spacers 330 in order to further increase the doping
concentration level of the source/drain contact regions of the
PMOS transistor and gate electrode 308. The additional
implant is only necessary if the doping concentration of
insitu doped semiconductor material is not doped suffi-
ciently high.

Next, according to the preferred method of the present
invention, silicide 342 is formed by a self-aligned silicide
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process (salicide) onto deposited semiconductor material
322 adjacent to the outside edges of composite spacers 330
and on semiconductor material 322 formed on the top of gate
electrode 308. Additionally, silicide 342 is formed on the N+
source/drain contact regions 334 formed in p-well 302 and
on the top of gate electrode 306. In the preferred salicide
process, a titanium layer is first blanket deposited over the
entire substrate 300. The device is then temperature cycled
to cause a reaction between the deposited titanium layer and
any exposed silicon surfaces (i.e. semiconductor material
322 on gate electrode 308 and semiconductor material on
source and drain contact regions 344 and on N+ source/drain
contact regions 334 and gate electrode 306) to form titanium
silicide 340 (i.e. TiSiX). It is to be appreciated that titanium
does not react with the composite sidewall spacers 328 and
330. Next, a selective etch is used to remove the unreacted
titanium from the composite sidewall spacers 328 and 330
and leave titanium salicide 342. It is to be appreciated that
other refractory metals, such as tungsten, can be used to
form silicide 342. Additionally, it is to be noted that the
sidewall spacers 328 and 330 must be formed thick enough
to prevent silicide encroachment from electrically shorting
the gate electrode to the source/drain contact regions.
Additionally, it is to be appreciated that silicide can be
selectively deposited onto exposed silicon surfaces instead
of using the described salicide process, if desired.

After completion of the silicide process, the first preferred
method of fabricating a novel PMOS transistor 360 having
a low resistance ultra shallow tip region, and a conventional
NMOS transistor is now complete. Conventional and well
known processes can now be utilized to interconnect the
various transistors formed in substrate 300 into a functional
circuit such as a microprocessor or memory device.

A second preferred method of integrating a novel tran-
sistor with a conventional transistor in a CMOS process is
described and illustrated with respect to FIGS. 4a—4f. The
second preferred method of the present invention will be
described with respect to the formation of a conventional
NMOS device and a novel PMOS device.

According to the second preferred method of the present
invention, a semiconductor substrate having a p-type region
302, a gate dielectric 303, a first gate electrode 306, a n-type
region 304, a second gate electrode 308 and isolation regions
305, such as substrate 300 shown and described with respect
to FIG. 3a is provided.

Next, as shown in FIG. 44, a boron doped glass layer 410
is blanket deposited over semiconductor substrate 300
including p-well 302, gate electrode 306, n-well 304, and
gate electrode 308. Boron doped glass layer 410 is formed
to a thickness of between 50-200 A and has a boron
concentration in the range of 1-6% atomic volume and a
preferred concentration of 2% atomic volume. Boron doped
glass layer 410 can be formed by chemical vapor deposition
utilizing source gases of approximately, 300 sccms of tri-
ethylborate (TEB), 3300 sccms of tetracthylorthosilicate
(TEOS) and 5000 sccms of 12/88 weight percent of 0,/0, at
500° C. Next, a photoresist mask 412 is formed over n-well
304 with well known photolithographic techniques. Boron
doped glass layer 410 is then removed from over p-well 302
and gate electrode 306 as shown in FIG. 4a. Boron doped
glass layer 410 can be removed from p-well 302 with a dip
in a 1:1 HF solution (Hydrofluoric acid) or BOE (0.10% HF,
17% NH,F, 82.9% Di water), or any other suitable etchant.
Next, N- tip regions 312 are formed in p-well 302 in
alignment with gate electrode 306 as described above. After
the formation of N- tip regions 312, photoresist mask 412
is stripped with well known techniques.
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Next, a hot-wall silicon nitride layer 314 is blanket
deposited over substrate 300 including p-well 302, gate
electrode 306 and boron doped glass layer 410 over n-well
304. Again, although a hot-wall silicon nitride layer is
preferred, it is not required, and any suitable insulating layer
can be used if desired. Hot-wall silicon nitride layer is
preferred in order to provide a hermetic seal of gate elec-
trodes 306 and 308 and the edges of gate oxide layer 303 to
thereby reduce hot electron effects of the fabricated transis-
tor. Next, as shown in FIG. 4b, a photoresist mask 414 is
formed over p-well 302 including gate electrode 306 with
well known photolithography techniques.

After the formation of photoresist mask 414, substrate
300 is exposed to an antisotropic etch to form a first pair of
composite sidewall spacers 416 comprising silicon nitride
layer 314 and boron doped glass layer 410. Photoresist mask
414 prevents silicon nitride layer 314 located over p-well
302 from being etched. The first pair of composite sidewall
spacers 416 adjacent to gate electrode 308 can be formed by
reactive ion etching with a chemistry comprising C,F and
helium with a power of 200 watts and a pressure of approxi-
mately 700 mtorr. After the formation of the first pair of
composite sidewall spacers 416 adjacent to gate electrode
308, photoresist mask 414 is stripped with well known
techniques, as shown in FIG. 4c.

Next, as illustrated in FIG. 44, an insitu doped semicon-
ductor material 322 is selectively deposited onto the first
surface 301 of silicon substrate 300 over n-well 304 and on
the top of gate electrode 308. Silicon nitride layer 314
prevents the selective growth of semiconductor material
over p-well 302 and gate electrode 306. Semiconductor
material 322 is preferably a boron insitu doped silicon
germanium alloy formed to a thickness and concentration
level and by a method described above. Next, a thin CVD
oxide layer 324 and a thicker hot-wall silicon nitride layer
326 are blanket deposited over substrate 300 as described
above. Thin CVD oxide layer 324 and silicon nitride layer
326 are then antisotropically etched as described above to
form a first pair of composite sidewall spacers 328 adjacent
to gate electrode 306 and a second pair of composite
sidewall spacers 330 adjacent to the first pair of composite
sidewalls pacers 416 as shown in FIG. 4e.

Next, as shown in FIG. 4¢, a photoresist mask 332 is
formed over n-well 304 with well known photolithography
techniques. Substrate 300 is then subjected to an N+ ion
implantation to form N+ source/drain contact regions 334 in
p-well 302 in alignment with the outside edges of composite
spacers 328 and to dope gate electrode 306 as discussed
earlier. It is to be appreciated that photoresist mask 332
prevents n-well 304 from being implanted by the N+ ion
implantation step.

Next, as shown in FIG. 4f, photoresist mask 332 is
stripped by well known techniques. After photoresist mask
332 is removed, substrate 300 is subjected to the RTP anneal
of the present invention to drive boron dopants from semi-
conductor material 322 and from boron doped silicon glass
layer 410 into n-well 304 to form diffused regions 420 as
shown in FIG. 4f. It is to be appreciated that boron doped
glass layer 410 of first composite spacer 416 provides a
source of dopants for the formation of the ultra shallow
portion 422 of tip region 424. Boron doped silica glass
alleviates the need for the formation of recesses in order to
form an adrupt tip/substrate junction in the second preferred
method of the present invention. Additionally, the raised
portion 426 of tip region 424 is formed from semiconductor
material 322 and from diffused region 420 formed by
diffusing dopants from semiconductor material 322. In this
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way, the PMOS transistor of the second preferred method of
the present invention is characterized by having a tip 424
with a shallow tip portion 422 and a raised tip portion 426
as shown in FIG. 4f. It is to be noted that the RTP anneal of
the present invention also diffuses dopants from semicon-
ductor material 322 formed on the top of gate electrode 308
into gate electrode 308 in order to dope gate electrode 308.
In this way, gate electrode 308 takes on the same conduc-
tivity type as the source/drain regions. Additionally, the RTP
anneal of the present invention is utilized to activate all of
the prior implants such as the n-well implants, the p-well
implants, the N- tip implants and the N+ source/drain
contact implants.

If desired, an additional P+ implant can be made into
n-well 304 as described above in order to further decrease
the contact resistance to PMOS device of the present inven-
tion. Finally, silicide 342 is formed on the gate electrodes
and the source/drain contact regions as described above in
order to reduce the contact resistance of the fabricated
transistors.

At this time, the second preferred method of fabricating a
novel PMOS transistor utilizing a doped silicon glass layer
and a conventional NMOS transistor is complete. Standard
interconnection techniques can now be used to interconnect
the fabricated NMOS and PMOS transistors into a function
integrated circuit.

IMustrated and described with respect to FIGS. 5a-5fis a
third preferred embodiment of the present invention where
a novel NMOS transistor with a low resistant tip region and
novel PMOS transistor with a low resistance tip region are
formed in a CMOS process.

According to the third preferred method of the present
invention, a semiconductor substrate having a p-type region
302, a gate dielectric 303, a first gate electrode 306, a n-type
region 304, a second gate electrode 308 and isolation regions
305, such as substrate 300 shown and described with respect
to FIG. 3a is provided.

Next, as shown in FIG. 54, a hot-wall silicon nitride layer
314 is blanket deposited over substrate 300 including p-well
302, gate electrode 306, n-well 304, and gate electrode 308
as described above. Next, as shown in FIG. 5b, silicon
nitride layer 314 is antisotropically etched as described
above to form a first pair of sidewall spacers 318 adjacent to
the outside edges of gate electrode 308 and a first pair of
silicon nitride spacers 518 formed adjacent to the first gate
electrode 306.

The antisotropic sidewall spacer etch is continued into
substrate 300 in order to form a pair of recesses 320 in n-well
304 in alignment with the outside edges of silicon nitride
spacers 318, and a pair of recesses 520 in p-well 302 in
alignment with the outside edges of silicon nitride spacers
518. It is to be appreciated that since recesses 520 and 320
are formed simultaneously, they are formed to the same
depth. Additionally, it is to be appreciated that gate electrode
306, and gate electrode 308 become etched during the recess
portion of the etch as shown in FIG. 5b.

Next, a masking layer is blanket deposited over substrate
300 including p-well 302, gate electrode 306, n-well 304 and
gate electrode 308. The masking layer is formed to a
thickness between 100-2000 A with 200 A being preferred.
The masking layer is preferably an undoped oxide layer
formed by chemical vapor deposition utilizing approxi-
mately 3300 sccms of TEOS and approximately 5000 sccms
of 05/0, at a ratio of approximately 12%—-88%, respectively,
and a temperature of approximately 500° C. and a pressure
of approximately 100 mtorr. It is to be noted that the
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masking layer of the present invention is preferably formed
at a low temperature in order to keep the thermal budget
down.

Next, the CVD masking layer is patterned with well
known photolithography techniques and etched with any
well known etchant such as a 1:1 HF solution or a BOE
solution (10% HF, 12% NH,F, 28.9% Di water) to form a
CVD oxide mask 502 over n-well 304 and gate electrode
308 as shown in FIG. 5c.

Next, as shown in FIG. 5¢, an n-type conductivity semi-
conductor material 504 is selectively deposited into recesses
520 and onto the top surface of gate electrode 306. CVD
oxide mask 502 prevents the selective deposition of n-type
semiconductor material 504 onto n-well 304 and gate elec-
trode 308. According to the preferred embodiment of the
present invention, n-type semiconductor material 504 is
preferably a silicon germanium alloy insitu doped with
n-type impurities to a concentration level between 1x10%/
cm’ to 5x10°%/cm® with a concentration of approximately
1x10?°/cm? being preferred.

According to the present invention, semiconductor 504 is
preferably a silicon germanium semiconductor alloy with
germanium comprising approximately 10-50% of the alloy.
A n-type silicon germanium semiconductor alloy can be
formed by decomposition of approximately 20 sccms of
dichlorosilane (SiH,Cl,), approximately 130-180 sccms of
1% hydrogen diluted germanium (GeH,), and a n-type
dopant source of approximately 5-50 sccms of 1% hydrogen
diluted phosphane (PH;) at temperature between 600-800°
C., with 700° C. being preferred, and a power of approxi-
mately 20 torrs. In order to increase the selectivity of the
deposition process, approximately 25-50 scecms of HCI can
be added to the gas composition. A silicon germanium
semiconductor material is preferred because it exhibits good
selectivity to silicon during deposition, making the present
invention very manufacturable. Additionally, such as silicon
germanium semiconductor alloy exhibits many microscopic
“faults” and “dislocations” which aid in the solid state
diffusion of dopants through the semiconductor material.

It is to be appreciated that any semiconductor material
which can be selectively deposited can be used to form
semiconductor material 504. For example, semiconductor
material 504 can be selectively deposited polycrystalline
formed from dichlorosilane and HCI in an H, ambient at a
temperature between 600-900° C. or can be a selectively
deposited single crystalline silicon formed by any well
known technique. Prior to the selective deposition of semi-
conductor material 504, one can utilize a 600°-900° C. bake
in an H, ambient to remove native oxides from the exposed
silicon/polysilicon areas.

It is to be appreciated that the thickness and doping
concentration level of semiconductor material 504 deter-
mines the resistivity of the raised tip portion of the fabricated
NMOS transistor. A thicker and higher doped semiconductor
material 504 results in transistor with lower parasitic resis-
tance. An adverse capacitance, i.e. Miller capacitance, how-
ever can be developed when opposite voltages are placed on
gate electrode 306 and semiconductor material 504. The
higher the doping and the thicker the semiconductor material
504 is, the greater is the Miller capacitance. Thus, a trade-off
must be made between the transistor’s parasitic resistance
and its Miller capacitance.

Next, as shown in FIG. 5d, CVD oxide mask 502 is
removed from n-well 304 by wet etching with a 1:1 HF
solution or a BOE solution as described above. Next, a mask
506 is formed over p-well 302 and gate electrode 306 as
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shown in FIG. 5d. Mask 506 is preferably undoped CVD
oxide formed to a thickness and by methods similar to CVD
oxide mask 502 described above. It is to be noted that it is
desirable to make masks 502 and 506 of a material which
can be selectively etched with respect to field isolation
regions 305. In this way, masking layer 502 and 506 can be
patterned and removed without affecting the integrity of
isolation regions 305.

After p-well 302 is sufficiently masked, a p-type selec-
tively deposited semiconductor material 322 is deposited
into recesses 320 and onto the gate electrode 308, as shown
in FIG. 5d, and as described above. P-type semiconductor
material 322 is preferably a boron insitu doped silicon
germanium alloy formed to thicknesses and conductivity
level and by methods described above. After the formation
of semiconductor material 322, CVD oxide mask 506 is
removed by wet etching with a 1:1 HF solution or a BOE
solution.

It is to be appreciated that although n-type semiconductor
material 504 is illustrated as being formed before p-type
semiconductor material 322, it is not necessary to form
n-type semiconductor material 504 first. As such, one can
first mask p-well 302 and form p-type semiconductor mate-
rial 322 and then mask n-well 304 and form semiconductor
material 504.

Next, as shown in FIG. Se, a thin CVD oxide layer 324
and a thicker silicon nitride layer 326 are blanket deposited
over substrate 300 as described above. Next, as shown in
FIG. 5f, CVD oxide layer 324 and hot-wall silicon nitride
layer 326 are antisotropically etched as described above to
form a second pair of composite sidewall spacers 330
adjacent to the outside edges of first silicon nitride spacers
318 adjacent to gate electrode 308, and a second pair of
composite sidewall spacers 530 adjacent to the outside edges
of first silicon nitride spacers 518 formed adjacent to gate
electrode 306. Composite sidewall spacers 530 are formed
on n-type semiconductor material 504 and comprise CVD
oxide layer 324 and hot-wall silicon nitride layer 326.

The RTP anneal process of the present invention, as
described above, is now utilized to drive n-type impurity
from semiconductor material 504 into p-well 302 to form
diffusion doped semiconductor 540. Diffusion doped semi-
conductor 540 extends beneath silicon nitride spacer 518
and at least 100 A, and preferably 500 A, beneath (laterally)
gate electrode 306 to form a NMOS transistor with a tip
having an ultra shallow portion and a raised portion.
Additionally, the RTP anneal process drives p-type impuri-
ties from semiconductor material 322 into n-well 304 to
form diffusion doped semiconductor 336. Diffusion doped
semiconductor 336 extends beneath silicon nitride spacers
318 and at least 100 A and preferably 500 A beneath
(laterally) gate electrode 308 to form a PMOS transistor with
a tip having an ultra shallow portion and a raised portion.

Next, silicide 342 is formed, as described above, on
semiconductor material 504 in alignment with the outside
edges of composite sidewall spacers 530 and on semicon-
ductor material 322 in alignment with the outside edges of
composite spacers 330. Additionally, silicide 342 tan be
formed on semiconductor material 504 and 322, and on the
tops of gate electrodes 306 and 308, respectively.
Additionally, if desired, masking and ion implantation can
be used prior to silicide formation to further increase the
doping concentrations of the source/drain contact regions.
At this time, the fabrication of a novel PMOS and a novel
NMOS transistors with low resistance tip regions is com-
plete. Well known interconnection techniques can now be
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utilized to couple the various PMOS and NMOS transistors
of the present invention into a functional integrated circuit.

It is to be noted that FIGS. 54-5f illustrate a method of
forming two novel transistors wherein two masking steps
(FIGS. 5¢ and 5d) are utilized to selectively deposit a n-type
semiconductor material 504 over p-well 302 and a p-type
semiconductor material 322 over n-well 304. If desired,
however, a single masking step can be used to form two
different conductivity type semiconductor materials over
substrate 300. For example, after forming recesses, as shown
in FIG. 5b, a semiconductor material of one conductivity
type, for example, N- type can be formed over both p-well
302 and n-well 304. P-well 302 would then be masked, as
shown in FIG. 54, and an ion implantation of p-type con-
ductivity ions made to counter dope (i.c. overwhelm) the
n-type semiconductor material over n-well 304 and convert
it into p-type semiconductor.

A fourth embodiment of the present invention is illus-
trated and described with respect to FIGS. 6a—6d where a
novel PMOS transistor with a low resistant tip and a novel
NMOS transistor with a low resistant tip is fabricated in a
CMOS process. In the fourth preferred embodiment of the
present invention, ion implantation techniques are utilized to
dope selectively deposited undoped semiconductor material
during the fabrication of a novel NMOS transistor. Although
ion implantation of an undoped semiconductor material is
preferably used and illustrated with respect to the formation
of a novel NMOS device, such a technique can be used to
fabricate a novel PMOS device, if desired.

According to the fourth preferred embodiment of the
present invention, as shown in FIG. 64, processing of a
silicon substrate 300 occurs exactly as described and illus-
trated with respect to FIGS. 5a-5d, except that an undoped
semiconductor material 604 is selectively deposited into
recesses 520 and onto the top of gate electrode 306 in place
of n-type semiconductor material 504. Undoped semicon-
ductor material 604 is preferably a silicon-germanium alloy
formed as described above except that a source of impurity
dopants is not included in the gas mix.

Next, as shown in FIG. 6b, a photoresist mask 610 is
formed over n-well 304 and gate electrode 308. Next,
substrate 300 is subjected to an N- tip implant which
implants n-type conductivity impurities into undoped semi-
conductor material 604 in alignment with the outside edges
of silicon nitride spacers 518. Additionally, the N- tip
implant dopes the undoped semiconductor material 604
formed on the top of gate electrode 608. Undoped semicon-
ductor material 604 is preferably doped to a concentration in
the range of approximately 1x10'®-1x10 '°/cm® by ion
implanting arsenic atoms at a dose of approximately 1x10"%/
cm? and an energy of approximately 20-80 keV. Photoresist
mask 610 prevents n-well 304 from being doped during the
N- tip implant. Photoresist mask 610 is then removed with
well known techniques.

Next, as shown in FIG. 6c, a second pair of composite
sidewall spacers 330 are formed on semiconductor material
322 adjacent to the outside edges of silicon nitride spacers
318, and a second pair of composite sidewall spacers 530 are
formed on N- implanted semiconductor material 604 in
alignment with the outside edges of silicon nitride spacers
518. Composite spacers 330 and 530 are formed by the
methods described above.

Next, a photoresist mask 612 is formed over n-well 304
and gate electrode 308 as shown in FIG. 6c. Next, substrate
300 is subjected to a N+ source/drain implant which
implants n-type conductivity impurities into N- implanted
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semiconductor material 604 in alignment with the outside
edges of composite sidewall spacers 530. Semiconductor
material 604 is preferably doped to a concentration in the
range of approximately 1x10'°/cm—5x10°°/cm® by ion
implanting arsenic atoms at a dose of 5x10'%/cm? at an
energy at approximately 50-100 keV. Photoresist mask 612
prevents n-well 304 from being doped during the N+
implant.

Next, as shown in FIG. 6d, photoresist mask 612 is
stripped by well known techniques. Next, the RTP anneal of
the present invention is utilized to drive implanted n-type
impurities from semiconductor material 604 into p-well 302
to form a diffusion doped region 614 beneath nitride spacer
518, and at least 100 A, and preferably 500 A, laterally
beneath gate electrode 302. Similarly, the RTP anneal of the
present invention drives insitu doped p-type impurities into
n-well 304 to form diffused semiconductor region 336
beneath silicon nitride spacers 318 and at least 100 A and
preferably 500 A beneath gate electrode 308. It is to be
appreciated, as shown in FIG. 6d, that both the NMOS
transistor and the PMOS transistor have tip regions with an
ultra shallow portion and a raised portion. Additionally, the
RTP anneal of the present invention also drives implanted
n-type dopants from semiconductor material 604 and insitu
p-type dopants from semiconductor material 322 into gate
electrodes 306 and 308, respectively. Additionally, the RTP
anneal of the present invention is utilized to activate all of
the front end ion implantation steps as described above.

Next, if desired, silicide 342 can be formed on semicon-
ductor material 604 and semiconductor material 322 as
described above. The formation of a novel NMOS device
having an ion implanted semiconductor material and a novel
PMOS device having an insitu doped semiconductor mate-
rial is now complete. Standard and well known intercon-
nection techniques can now be utilized to interconnect the
PMOS and NMOS devices formed on substrate 300 into a
functional integrated circuit.

IMustrated and described with respect to FIGS. 7a-7g is a
fifth preferred embodiment of the present invention wherein
a novel PMOS transistor having a low resistance tip and a
novel NMOS transistor having a low resistance tip are
fabricated in a CMOS process. In the fifth embodiment of
the present invention, a boron doped glass layer is used in
the PMOS transistor and an ion implanted semiconductor
material is used in the NMOS transistor.

According to the fifth preferred method of the present
invention, a semiconductor substrate having a p-type region
302, a gate dielectric 303, a first gate electrode 306, a n-type
region 304, a second gate electrode 308 and isolation regions
305, such as substrate 300 shown and described with respect
to FIG. 7a is provided.

According to the fifth preferred embodiment of the
present invention, a boron doped glass layer 410 is blanket
deposited, as described above, over semiconductor substrate
300 including p-well 302, gate electrode 306, n-well 304,
and gate electrode 308. Boron doped glass layer 410 is then
removed from p-well 302 and gate electrode 306 utilizing
photoresist mask 710 as shown in FIG. 7a. Photoresist mask
710 is then removed and a hot-wall silicon nitride layer 314
is blanket deposited, as described above, over substrate 300
including p-well 302, gate electrode 306, and boron doped
glass layer 410 over n-well 304 as shown in FIG. 7b.

Silicon nitride layer 314 and boron doped glass layer 410
are then antisotropically etched as described above to form
a first pair of composite sidewall spacers 714 adjacent to
opposite sidewalls of gate electrode 308 and a first pair of
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silicon nitride spacers 712 adjacent to opposite sidewalls of
gate electrode 306. The antisotropic spacer etch is continued
into substrate 300 in the manner described above, in order to
form a pair of recesses 716 in p-well 302 in alignment with
the outside edges of silicon nitride spacers 712 and to form
a pair of recesses 718 in n-well 304 adjacent to composite
sidewall spacers 714.

Next, undoped semiconductor material 720 is selectively
deposited into recesses 716 and onto the top of gate elec-
trode 306. Additionally, undoped semiconductor material
722 is selectively deposited into recesses 718 and onto the
top of gate electrode 308. Next, a photoresist mask 724 is
formed over n-well 304 and gate electrode 308 as shown in
FIG. 7d. Next, arsenic or phosphorous is implanted into
undoped semiconductor material 720 at a dose of approxi-
mately 1x10"%/cm? and an energy of approximately 10 ke V.
Next, resist mask 724 is removed from semiconductor
substrate 300. Next, although not shown, p-well 302 is
covered with a photoresist mask and semiconductor material
722 implanted with boron atoms at a dose of 5x10*/cm? at
an energy of approximately 7-12 keV in order to make
undoped semiconductor material 722 p-type semiconductor
material with a concentration of approximately 5x10"%/cm?.

Next, as shown in FIG. 7e, a second pair of composite
sidewall spacers 726 are formed on deposited semiconductor
material 720 and adjacent to the outside edges of silicon
nitride sidewall spacers 712. Additionally, a second pair of
composite sidewall spacers 728 are formed on semiconduc-
tor material 722 adjacent to the outside edges of the first pair
of composite sidewall spacers 714. It is to be appreciated
that composite sidewall spacers 726 and 728 are formed by
blanket depositing a thin oxide layer and a thicker silicon
nitride layer, as described above, and then antisotropically
etching to form spacers, as described above.

Next, although not shown, a resist mask is formed over
the n-well 304 and gate electrode 308. A standard high dose
N+ arsenic source/drain contact implant is then made in
alignment with the outside edges of spacers 726 into semi-
conductor material 720. The resist mask is then removed and
a new resist mask is then formed over p-well 302. A standard
high dose P+ source/drain contact implant is then made into
semiconductor material 722 in alignment with the outside
edges of the second pair of sidewall spacers 728. The resist
mask formed over p-well 302 is then removed.

Next, as shown in FIG. 7f, the RTP anneal process of the
present invention, described above, is utilized to diffuse
n-type dopants from ion implanted semiconductor material
720 into p-well 302 and form diffused semiconductor region
740 beneath silicon nitride spacer 712 and at least 100 Aand
preferably 500 A beneath gate electrode 306. Additionally,
the RTP anneal process of the present invention diffuses
p-type dopants from boron doped glass layer 410 and ion
implanted semiconductor material 722 into n-well 304 and
form diffused semiconductor region 742 beneath a compos-
ite spacer 714 and at least 100 A and preferably 500 A
beneath gate electrode 308. The RTP anneal step of the
present invention also activates all prior well implants and
drives dopants into gate electrodes 306 and 308. Silicide 342
can now be formed on semiconductor material 720 and 722
in order to decrease the contact resistance of the fabricated
transistors.

Many alternative embodiments and specifics of the
present invention have been described, however, one skilled
in the art will appreciate that many of the features in one
embodiment are equally applicable to other embodiments.
Additionally, although many specific dimensions, materials,
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and concentrations have been described, it is to be appreci-
ated that these specific dimensions, materials, and concen-
trations are not to be taken as limiting. Additionally, one
skilled in the art will appreciate the ability to scale the
transistor of the present invention to form both larger and
smaller devices. The scope of the present invention is not
intended to be limited to the detailed description of the
present invention and rather is to be determined by the
claims which follow.

Thus, novel transistors with low resistance ultra shallow
tip regions and their methods of fabrication in a CMOS
process have been described.

We claim:

1. A method of forming a pair of complementary metal
oxide semiconductor transistors in a semiconductor
substrate, said method comprising the steps of:

a) forming a first gate dielectric and a first gate electrode
on a first portion of said semiconductor substrate hav-
ing a first conductivity type and forming a second gate
dielectric and a second gate electrode on a second
portion of said semiconductor substrate having a sec-
ond conductivity type;

b) forming a silicon nitride layer over said first portion of
said semiconductor substrate including said first gate
electrode and over said second portion of said semi-
conductor substrate including said second gate elec-
trode;

¢) removing said silicon nitride layer from said second
portion of said silicon substrate and from the top of said
second gate electrode to thereby form a first pair of
silicon nitride spacers adjacent to opposite sides of said
second gate electrode;

d) forming a pair of recesses in said second portion of
semiconductor substrate in alignment with said first
pair of silicon nitride spacers; and

¢) depositing a semiconductor material in said pair of
recesses in said second portion of said semiconductor
substrate.

2. The method of claim 1 further comprising the steps of:

diffusing dopants from said deposited semiconductor
material into said substrate beneath said first pair of
sidewall spacers.

3. The method of claim 2 further comprising the steps of:

prior to forming said silicon nitride layer, implanting ions
of a second conductivity type into said first portion of
said semiconductor substrate in alignment with oppo-
site sides of said first gate electrode.

4. The method of claim 3 further comprising the steps of:

forming a first pair of sidewall spacers adjacent to oppo-
site sides of said first gate electrode; and

implanting ions of a second conductivity type into said
first portion of said semiconductor substrate in align-
ment with said first pair of sidewall spacers adjacent to
said first gate electrode to thereby form a pair of
source/drain contact regions in said first portion of said
semiconductor substrate.

5. The method of claim 4 wherein said first conductivity
type is P-type conductivity and said second conductivity
type is N-type conductivity.

6. The method of claim 4 further comprising the steps of:

forming a second pair of sidewall spacers on said depos-
ited semiconductor material adjacent to said first pair of
silicon nitride spacers, respectfully.

7. The method of claim 6 further comprising the steps of:

forming silicide on said source/drain contact region and
on said first gate electrode and forming silicide on said
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deposited semiconductor material in alignment with the
outside edges of said second pair of sidewall spacers
and on said second gate electrode.

8. The method of claim 2 wherein said diffusion step
utilizes an annealing with a rapid thermal process in an
ambient comprising nitrogen and oxygen.

9. The method of claim 8 wherein said annealing with said
rapid thermal process comprises the steps of:

annealing said substrate at a first temperature in a first
ambient comprising O, and N, to form a thin oxide cap
on said semiconductor material in order to reduce out
diffusion of said impurities from said semiconductor
material; and

after forming said thin capping layer, annealing said
substrate in a second ambient comprising N, at a
second temperature which is higher than said first
temperature to drive said impurities from said semi-
conductor material into said substrate.

10. The method of claim 1 wherein each of said silicon
nitride layer is formed from a hot-wall process at a tem-
perature less than or equal to 800° C.

11. The method of claim 1 wherein said semiconductor
material is selectively deposited insitu doped semiconductor
material.

12. A method of forming a pair of complementary metal
oxide semiconductor transistors in a semiconductor
substrate, said method comprising the steps of:

a) forming a first gate dielectric and a first gate electrode
on a first portion of said semiconductor substrate hav-
ing a p-type conductivity and forming a second gate
dielectric and a second gate electrode on a second
portion of said semiconductor substrate having a n-type
conductivity;

b) forming a boron doped glass layer over said second
portion of said semiconductor substrate and said second
gate electrode;

¢) forming a silicon nitride layer over said first portion of
said semiconductor substrate including said first gate
electrode and over said boron doped glass layer over
said second portion of said semiconductor substrate
including said second gate electrode;

d) removing said silicon nitride layer and said boron
doped glass layer from said second portion of said
silicon substrate and from the top of said second gate
electrode to thereby form a first pair of composite
sidewall spacers adjacent to opposite sides of said
second gate electrode; and

¢) forming a semiconductor material on said second
portion of said semiconductor substrate adjacent to said
first pair of composite sidewall spacer.
13. The method of claim 12 further comprising the steps
of:
diffusing dopants from said semiconductor material and
from said boron doped glass into said substrate beneath
said first pair of composite sidewall spacers.
14. The method of claim 13 further comprising the steps
of:
prior to forming said silicon nitride, implanting ions of a
n-type conductivity into said first portion of said semi-
conductor substrate in alignment with opposite sides of
said first gate electrode.
15. The method of claim 14 further comprising the steps
of:
forming a first pair of sidewall spacers adjacent to oppo-
site sides of said first gate electrode; and
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implanting ions of a second conductivity type into said
first portion of said semiconductor substrate in align-
ment with said first pair of sidewall spacers to thereby
form a first pair of source/drain contact regions.

16. The method of claim 15 further comprising the steps

of:

forming a second pair of sidewall spacers on said first
semiconductor material adjacent said first pair of com-
posite sidewall spacers, respectfully.

17. The method of claim 16 further comprising the steps

of:

forming silicide on said first pair of source/drain contact
regions and said first gate electrode and forming sili-
cide on said first semiconductor material in alignment
with said second pair of sidewall spacers and on said
second gate electrode.

18. The method of claim 12 wherein said first semicon-

ductor material is insitu doped with boron.

19. The method of claim 13 wherein said diffusion step
utilizes an annealing with a rapid thermal process in an
ambient comprising nitrogen and oxygen.

20. The method of claim 12 wherein said silicon nitride
layer is formed with a hot-wall process at a temperature less
than or equal to 800° C.

21. A method of forming a pair of complementary metal
oxide semiconductor transistors in a semiconductor
substrate, said method comprising the steps of:

a) forming a first gate dielectric and a first gate electrode
on a first portion of a first surface of said semiconductor
substrate having a first conductivity type and forming a
second gate dielectric and a second gate electrode on a
second portion of said first surface of said semicon-
ductor substrate having a second conductivity type;

b) forming a first pair of silicon nitride spacers along
opposite sidewalls of said first gate electrode and a first
pair of silicon nitride spacers along opposites sidewalls
of said second gate electrode;

¢) forming a pair of recesses in said first portion of said
semiconductor substrate in alignment with said first
pair of silicon nitride spacers along said first gate
electrode and a pair of recesses in said second portion
of said semiconductor substrate in alignment with said
first pair of silicon nitride spacers along said second
gate electrode;

d) forming a first masking layer over said second portion
of said semiconductor substrate and said second gate
electrode, and while said second portion of said semi-
conductor substrate and said second gate electrode is
masked, forming a first semiconductor material having
said second conductivity type in said pair of recesses
formed in said first portion of said semiconductor
substrate;

¢) forming a second masking layer over said first portion
of said semiconductor substrate and said first gate
electrode and while said first portion of said semicon-
ductor substrate and said first gate electrode are
masked, forming a second semiconductor material hav-
ing said first conductivity type in said pair of recesses
formed in said second portion of said semiconductor
substrate.

22. The method of claim 21 further comprising the step of
diffusing dopants from said first semiconductor material into
said first portion of said semiconductor substrate beneath
said first pair of silicon nitride spacers formed adjacent to
said first gate electrode, and diffusing dopants from said
second semiconductor substrate beneath said first pair of
silicon nitride spacers adjacent to said second gate electrode.
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23. The method of claim 22 further comprising the steps
of forming a second pair of sidewall spacers on said first
semiconductor material adjacent to said first pair of silicon
nitride spacers along said first gate electrode, and forming a
second pair of sidewall spacers on said semiconductor
material adjacent to said first pair of silicon nitride spacers
along said second gate electrodes.

24. The method of claim 23 further comprising the step of
forming a silicide on said first and second semiconductor
material in alignment with the outside edges of each of said
second pair of sidewall spacers, respectively.

25. The method of claim 21 wherein each of said first pair
of silicon nitride spacers are formed from a silicon nitride
layer formed from a hot-wall process at a temperature less
than or equal to 800° C.

26. The method of claim 22 wherein said diffusion step
utilizes an annealing with a rapid thermal process in an
ambient comprising nitrogen and oxygen.

27. The method of claim 21 wherein said first and second
masking layers comprise silicon dioxide.

28. The method of claim 21 wherein said first and second
semiconductor material comprise silicon germanium.

29. The method of claim 21 wherein said first and said
second semiconductor material is formed in said recesses
and above said first surface of said semiconductor substrate.

30. The method of claim 21 wherein said first semicon-
ductor material having said second conductivity type is
formed by a method comprising the steps of:

depositing an undoped semiconductor material; and

ion implanting said undoped semiconductor material with
ions of said second conductivity type.

31. The method of claim 21 further comprising the step of:

implanting ions of said second conductivity type into said
first semiconductor material in alignment with said
outside edges of said second pair of sidewall spacers
formed about said first gate electrode.

32. The method of claim 21 wherein said first semicon-
ductor material is formed by insitu doped with impurities of
said second conductivity type.

33. The method of claim 21 wherein said second semi-
conductor material is formed by insitu doping with impuri-
ties of said first conductivity type.

34. A method of forming a pair of complementary metal
oxide semiconductor transistors in a semiconductor
substrate, said method comprising the steps of:

a) forming a first gate dielectric and a first gate electrode
on a first portion of said semiconductor substrate hav-
ing a p-type conductivity and forming a second gate
dielectric and a second gate electrode on a second
portion of said semiconductor substrate having a n-type
conductivity;

b) forming a boron doped glass layer over said second
portion of said semiconductor substrate and said second
gate electrode;

¢) forming a silicon nitride layer over said first portion of
said semiconductor substrate including said first gate
electrode and over said boron doped glass layer over
said second portion of said semiconductor substrate
including said second gate electrode;

d) removing said silicon nitride layer from said first
portion of said semiconductor substrate so as to form a
first pair of silicon nitride spacers adjacent to opposite
sides of said first gate electrode, and removing said
silicon nitride layer and said boron doped glass layer
from said second portion of said silicon substrate and
from the top of said second gate electrode to thereby

10

15

25

30

35

40

45

50

55

60

65

24

form a first pair of composite sidewall spacers adjacent
to opposite sides of said second gate electrode;

¢) forming a pair of recesses in said first portion of said
semiconductor substrate adjacent to said first pair of
silicon nitride spacers and a pair of recesses in said
second portion of said semiconductor substrate in
alignment with said composite sidewall spacers;

f) forming an undoped semiconductor material in said pair
of recess in said first portion of said semiconductor
substrate and in said pair of recesses in said second
portion of said semiconductor substrate;

g) implanting ions of n-type conductivity into said
undoped semiconductor material formed in said pair of
recess on said first portion of said semiconductor
substrate to thereby form n-type semiconductor mate-
rial; and

h) implanting ions of p-type conductivity into said semi-
conductor material formed in said pair of recesses in
said second portion of said semiconductor substrate to
thereby form p-type semiconductor material.

35. The method of claim 34 further comprising the steps

of:

diffusing p-type dopants from said p-type semiconductor
material and from said boron doped glass into said
second portion of said semiconductor substrate beneath
said first pair of composite sidewall spacers.

36. The method of claim 35 further comprising the steps

of:

diffusing n-type dopants from said n-type semiconductor
material into said first portion of said semiconductor
substrate beneath said first pair of silicon nitride spac-
ers.

37. The method of claim 36 further comprising the steps

of:

forming a second pair of sidewall spacers on said n-type
semiconductor material adjacent to said first pair of
silicon nitride spacers.

38. The method of claim 37 further comprising the steps

of:

forming a second pair of sidewall spacers on said p-type
semiconductor material adjacent to said first pair of
composite sidewall spacers.

39. The method of claim 38 further comprising the steps

of:

forming silicide on said n-type semiconductor material
and on said p-type semiconductor material adjacent to
the outside edge of each of said second pair of sidewall
spacers.

40. The method of claim 36 wherein said diffusion step
utilizes an annealing with a rapid thermal process in an
ambient comprising nitrogen and oxygen.

41. The method of claim 34 wherein said silicon nitride
layer is formed with a hot-wall process.

42. A method of forming a pair of complementary metal
oxide semiconductor transistors in a semiconductor
substrate, said method comprising the steps of:

a) forming a first gate dielectric and a first gate electrode
on a first portion of a first surface of said semiconductor
substrate having a first conductivity type and forming a
second gate dielectric and a second gate electrode on a
second portion of said first surface of said semicon-
ductor substrate having a second conductivity type;

b) forming a silicon nitride layer over said first portion of
said semiconductor substrate including said first gate
electrode and over said second portion of said semi-
conductor substrate including said second gate elec-
trode;
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¢) removing said silicon nitride layer from said second
portion of said silicon substrate and from the top of said
second gate electrode to thereby form a first pair of
silicon nitride spacers adjacent to opposite sides of said
second gate electrode;

d) depositing a semiconductor material on said second
portion of said first surface of said semiconductor
substrate adjacent to said first pair of silicon nitride
spacers; and

¢) diffusing dopants from said deposited semiconductor
material into said substrate beneath said first pair of
sidewall spacers.

43. The method of claim 42 wherein said diffusion step is
accomplished by annealing with a rapid thermal process in
an ambient comprising nitrogen and oxygen.

44. A method of diffusing impurities in a semiconductor
process, said method comprising the steps of:

providing a semiconductor substrate having a plurality of
regions doped with impurities;

annealing said substrate in a first ambient comprising
oxygen and nitrogen at a first temperature for a first
period of time; and

after annealing in said first ambient, annealing said sub-
strate in a second ambient comprising nitrogen at a
second temperature for a second period of time,
wherein said first anneal and said second anneal occur
insitu.

45. The method of claim 44 wherein said first ambient
comprises between 5-20% oxygen and between 95-80%
nitrogen.

46. The method of claim 44 wherein said first temperature
is less than said second temperature.
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47. The method of claim 44 wherein said first temperature
is between 500-700° C.
48. The method of claim 44 wherein said second tem-
perature is approximately 850-1500° C.
49. The method of claim 44 wherein said first time is
greater than said second time.
50. The method of claim 44 wherein said first time is
between 20-60 seconds.
51. The method of claim 44 wherein said second time is
between 10-40 seconds.
52. A method of forming a CMOS integrated circuit, said
method comprising the steps of:
forming a gate dielectric layer on a semiconductor sub-
strate;
forming a first gate electrode and a second gate electrode
on said gate dielectric layer;
placing ions of a first conductivity type in alignment with
opposite sidewalls of said first gate electrode;
placing ions of a second conductivity type in alignment
with opposite sidewalls of said second gate electrode;
and
utilizing only a single Rapid Thermal Process to drive and
activate said first conductivity type ions and said sec-
ond conductivity type ions into said substrate to form a
first pair of source/drain regions adjacent to said first
gate electrode and a first pair of source/drain regions
adjacent to said second gate electrode wherein said
rapid thermal process utilizes a first ambient compris-
ing oxygen and nitrogen and a second ambient com-
prising nitrogen.

INTEL - 1116
Page 28 of 29



UNITED STATES PATENT AND TRADEMARK OFFICE
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It is certified that error appears in the above-identified patent and that said Letters Patent is
hereby corrected as shown below:

Column 16
Line 59, delete “tan”, insert -- can --.

Signed and Sealed this
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