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SOLID PHASE EPITAXY RECRYSTALLIZATION
BY LASER ANNEALING

The present invention relates generally to semiconductor devices and more
particularly to methods for performing a solid phase epitaxial recrystallization of the source
and drain extensions of a transistor uti lizing a laser annealing process in the manufacture of
semiconductor products.

BACKGROUND

MOS transistors are found in many modern semiconductor products where switching
and/or amplification functions are needed. Many manufacturing processes and techniques
have been developed for fabricating MLOS devices in semiconductor substrate materials such
as silicon and the like. In recent years , the size of transistors and other components have
steadily decreased to submicron levels in order to facilitate higher device densities in
semiconductor products. At the same time, many new applications have created a need to
operate transistors and other semicond uctor devices at lower power and voltage levels. Thus,
whereas previous MOSFET devices were designed to operate at voltages of 5 or more volts,
newer applications may require such devices to operate from DC supplies of around 3 volts
down to about 1volt. In addition, switching speed requirements of MOS transistors continue
to increase in order to facilitate faster and improved product performance. Accordingly,
efforts continue to be made to design semiconductor devices, such as MOSFET transistors,
which occupy less physical space, consume less power, and operate at higher switching
speeds and at lower voltages.

MOS transistors include a concluctive gate overlying a channel region of the substrate
with a thin gate dielectric, typically ox ide, between the gate and the channel region. Source
and drain regions of the substrate (sometimes referred to as junction regions) are doped with
impurities on opposite sides of the channel, wherein the source/drain regions of nMOS
devices are doped with n-type impurities (e.g., As, Sb, P, etc.) and the source/drain regions of
pMOS devices are doped using p-type impurities (e.g., B, Ga, In, etc.). The length of the
gate structure overlying the channel is typically referred to as the physical channel length.
The source and drain dopants are typically implanted into the silicon substrate using ion
implantation systems, wherein the dosage and er;ergy of the implanted ions may be varied

depending upon the desired dopant coricentration, depth, and profile. The ion dose generally
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controls the concentration of implanted ions for a given semiconductor material, and the
energy level of the beam ions determines the distance of penetration or depth of the
implaiited ions (e.g., the junction depth).

Following implantation, the dopant atoms in the source/drain regions occupy
interstitial positions in the substrate lattice, and the dopant atoms must be transferred to
substitutional sites to become electrically active. This process is sometimes referred to as
“activation,” and is accomplished by high temperature annealing in an inert ambient gas such
as argon. The activation anneal process also causes diffusion of implanted dopant species
downward and laterally in the substrate, wherein the effective channel length becomes less
than the physical channel length. As device sizes continue to shrink, the physical and
effective channel lengths continue to be scaled downward, wherein short channel effects
become significant.

In addition to short channel effects, hot carrier effects are also experienced in short
channel devices. For example, during saturation operation of a MOS transistor, electric
fields are established near the lateral junction of the drain and channel regions. This field
causes channel electrons to gain kinetic energy and become “hot.” Some of these hot
electrons traveling to the drain are injected into the thin gate dielectric material proximate th e
drain junction. The injected hot carriers, in turn, often lead to undesired degradation of the
MOS device operating parameters, such as a shift in threshold voltage, changed
transconductance, changed drive current/drain current exchange, and device instability.

To combat channel hot carrier effects, drain extension regions are commonly formed
in the substrate, which are variously referred to as, for example, double diffused drains
(DDD), lightly doped drains (LDD), and moderately doped drains (MDD). These drain
extension regions absorb some of the potential into the drain and away from the
drain/channel interface, thereby reducing channel hot carriers and the adverse performance
degradation associated therewith. Referring to prior art FIG. 1, a conventional transistor
fabrication process 2 is illustrated beginning at 4, wherein isolation structures are formed in a
substrate at 6, and a gate oxide (e.g., gate dielectric) is formed at 8. At 10,2 layer of
polysilicon is deposited over the gate oxide, and is then patterned at 12 to form a polysilicorx

gate structure.
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Offset spacers may optionally be formed on either side of the gate structure at 13 to
guide an implant that is performed at 14, wherein drain extension regions are implanted.
Typically, the LDD implant at 14 is a fairly low concentration dopant implantation process,
which may also use the edge of the patterned gate structure as an implantation mask, while
for MDD implantations the use of the offset spacers provided at 13 may be advantageous.
Spacers are then formed at 18 along the sidewalls of the gate structure, and a second
implantation (e.g., sometimes called a "source/drain implant") is performed at 20 using a
higher dopant concentration and implantation energy to form the source/drain junction
regions.

An activation anneal is then performed at about 1050°C at 22 to activate the
implanted dopant in the drain extensions and the source/drain regions, and also to cause
diffusion or migration of dopant downward and laterally in the silicon. Thus, drain extension
regions and source/drain regions are provided, which partially overlap one another in the
substrate. Typically, the drain extension regions extend downward to a somewhat shallow
depth and laterally to or under the gate structure, whereas the deeper source/drain regions are
laterally spaced from the gate (e.g., by about the sidewall spacer width). The gate and
source/drain regions are then silicided at 24 and back-end interconnect processing is
performed at 26 before the method 2 ends at 28.

As a result of the two implantations at 14 and 20, a dopant gradient is established
across the junction from the source/drain region of the junction to the drain extension region
adjacent the channel, sometimes referred to as a graded junction. The drain extension region
operates to assume a substantial portion of the entire voltage drop associated with saturation
operation at the drain junction, while the more heavily doped source/drain region forms a Low
resistivity region suitable for enhanced contact conductivity. Further, the source/ drain dose
is implanted at a higher energy to produce deeper source/drain junctions (deeper than the
extension regions) and thereby to proviide better protection against junction spiking.

As CMOS devices are scaled down to support future technologies, it has become
increasingly problematic to proportionately scale down the depth and gradient of
source/drain extension regions. As a result in part, lightly doped drain (LDD) extensions
have recently given way to moderately doped drain (MDD) extensions and highly doped

drain (HDD) extensions, wherein the drain extension depths are becoming smaller (e.g.,
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shatlower). The recent trend is toward shallower junctions with lower sheet resistance,
wherein reducing sheet resistance facilitates higher drive currents (e.g., improved threshol.d
voltage transistor performance), and faster switching times. Shallower junctions reduce short
channel effects, facilitating continuing efforts at scaling MOS transistors to smaller and
smaller dimensions, both lateral and vertical scaling.

After implantation of such drain extension regions, prior art annealing has been
carried out at low temperatures (e.g., <600°C) for a substantial period of time, leaving belaind
considerable end-of-range damage to the crystal lattice boundaries. Prior attempts to anneal
out this damage using subsequent anneals in conventional apparatus may result in profile
degradation (e.g., loss of dopant gradient abruptness).

The amount of dopant activation in the drain extensions plays a role in determining
the sheet resistance thereof, wherein increasing the dopant activation (e.g., lowering the shieet
resistance) serves to lower parasitic resistance within the source to drain path. Thus, there is
a need for fabrication techniques for MOS type transistors, by which improved epitaxial
recrystalization of the source and drain extensions can be facilitated in the manufacture o
semiconductor devices.

SUMMARY

The invention relates to methods for MOS transistor fabrication, by which improv ed
solid phase epitaxial recrystallization (SPER) of the source and drain extensions may be
achieved in both nMOS and pMO'S type devices.

In one aspect of the invention, a heavy ion species (e.g., Ge, In, Sb, As, P, BF2, Si,
Xe, Ar, or another amorphizing ion) is implanted deep into a drain extension region of the
substrate adjacent the channel via a preamorphization process. As used herein, the term
“drain extension” includes extension regions associated with transistor drains as well as thiose
associated with transistor sources. Subsequently, a dopant species, for example, boron fox
pMOS devices, is implanted into a drain extension region of the amorphized substrate (e.g.,
silicon substrate) adjacent the channel via a dopant implantation process.

Then, during a low temperature (LT) preanneal (Pre-SPER) of the dopant in the dxrain
extension region, dopant is allowed to diffuse some to achieve an ideal or desired depth,
dopant concentration, as well as some beneficial lateral diffusion under the channel regioz.

The LT preanneal process is maintained at a temperature below the recrystallization
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temperature, for example, less than about 600°C (e.g., about 550°C) for a silicon substrate.
Due to the concentration enhanced nature of the diffusivity of boron in silicon in the
amorphous phase, it is possible to increase the junction gradient during these implantation
and annealing processes according to one example aspect of the invention. Finally, a 1aser
SPER anneal (e.g., an ultra-fast flash anneal, <Ims) provides an epitaxial recrystallization of
the drain extensions while still in the solid phase.

In one aspect of the present invention, the laser SPER anneal may be used
immediately after the implantation and low temperature preannealing of the drain extensions
or after the implantation of the deep source/drain regions to provide a solid phase epitaxial
recrystallization of the extension region or both regions, and the deep source and drain
regions. In either case, however, the laser SPER anneal follows the pre-annealing process to
balance the desired level of dopant diffusion depth and concentration.

In another aspect of the present invention, the laser SPER anneal may be used
immediately after the implantation and low temperature pre-annealing of the drain extensions
and after the implantation of the deep source/drain regions to provide a solid phase epitaxial
recrystallization of the extension region and the deep source and drain regions.

In still another aspect of the invention, the laser SPER anneal is processed at a
temperature of about 1350°C (e.g-, 1200 — 1400°C) or less for about a millisecond.

In yet another aspect of the present invention, the deep preamorphization process may
be integrated together with the dopant implantation process.

In one pMOS implementation, for example, a species of dopant is implanted, wherein
the dopant is B (boron) or BF, (boron difluoride), or another dopant species that exhibits an
enhanced diffusion property in the amorphous phase.

In an nMOS implantation example, a dopant species is used that exhibits an enhanced
diffusion property in the amorphous phase.

In the past, solid phase epitaxy has been carried out at low temperatures (e.g.,
<600°C), leaving behind considerable end of range damage, including clusters of interstitial
Si atoms. Subsequent attempts to anneal out this damage using conventional anneal
apparatus has resulted in profile degradation, wherein the profile is less abrupt than that
which may be achieved in the present invention. In addition, some aspects of the present

invention have further been found to provide significant improvement in reducing sheet
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resistance compared with prior methods, such as illustrated in prior art FIG. 1 above. The
processes, moreover, may advantageously achieve higher activation levels and doping
concentrations throughout substantially all of the drain extension region adjacent the channel
region than that of some prior art technologies.

The formation of the source/drain regions may be integrated into this process, for
example, wherein gate sidewall spacers are formed before the source/drain implant process is
performed (e.g., B) using the sidewall spacers as an implantation mask. In an example of the
disposable spacer approach, after the deep S/D region and poly is formed, the sidewall
spacers are removed before the preamorphization implant and the dopant implant into the
drain extensions. This scheme provides the opportunity to treat the deep S/D region regions
to an extra thermal cycle (e.g., a conventional anneal), without affecting the extension
regions. Thereafter, the LT preanneal is performed followed by the laser SPER anneal
process to concurrently form the epitaxy and activate the dopants in the source/drain regions
as well as the dopant species in the drain extension regions.

In another implementation, the sidewall spacers are formed, the source/drain implant
is performed, and the sidewall spacers are removed prior to the preamorphization and
implanting the dopant species in the drain extensions. In this implementation, the preanneal
process may be employed to concurrently provide the desired amount of diffusion in the
dopants in the source/drain regions and the drain extension regions, after which the Laser
SPER anneal is performed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flow diagram illustrating a conventional manufacturing process for
fabricating MOS transistors having drain extension regions;

FIG. 2 is a partial cross-sectional side view of a prior art MOS transistor illustrating a
source/drain profile and further detailing a drain extension or “tail” formed with a
semiconductor substrate;

FIGS. 3A-3D provide flow diagrams illustrating an example method of fabricating a
drain extension in a MOS transistor in a wafer in accordance with one or more aspects of the

present invention;
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FIGS. 4 and 5 are flow diagrams illustrating an example method of fabricating a drain
extension in a MOS transistor in a wafer in accordance with one or more aspects of the
present invention,

FIGS. 6A-6F are partial side elevation views in section illustrating an example pMOS
transistor at an intermediate stage of processing following formation of a patterned gate
structure, offset spacer, and sidewall spacer overlying a gate oxide and a substrate;

FIG. 6G is a partial side elevation view in section illustrating a preamorp hization with
Germanium and an implantation of boron in a source and drain extension region in the
transistor of FIG. 6F;

FIG. 6H is a partial side elevation view in section illustrating the device of FIGS. 6A-
6G undergoing an optional low temperature preanneal (SPER) wherein the amorphous state
relaxes but does not recrystallize in the drain extension regions in accordance with an aspect
of the invention;

FIG. 61 is a partial side elevation view in section illustrating the device of FIGS. 6A-
6H undergoing another optional low temperature preanneal (SPER) at a higher temperature,
wherein a final doping concentration is achieved, and wherein the dopant diffuses slightly to
achieve a final depth without recrystallization in accordance with an aspect of th.e invention;

FIG. 6] is a partial side elevation view in section illustrating laser SPER annealing of
the drain extensions within the transistor of FIG. 61 providing epitaxial recrystallization of
the drain extensions while still in the solid phase;

FIG. 6K is a partial side elevation view in section illustrating the transistor of FIG. 6J
after formation of an offset spacer on both sides of the gate structure and source/drain
regions, and subsequently undergoing an optional laser SPER annealing of the drain
extensions and the deep source/drain regions processed in accordance with the invention.
DETAILED DESCRIPTION OF THE EMBODIMENTS

The present invention will now be described with reference to the attached drawings,
wherein like reference numerals are used to refer to like elements throughout. The invention
provides new processes for forming drain extension regions in the manufacture of transistor
devices, wherein a deep preamorphized region is produced in the drain extensioms, which are
implanted with a dopant exhibiting an enhanced diffusion property in the amorphous phase.

The dopant is then pre-annealed to set the junction depth, and laser annealed to facilitate a
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higher activation level and an abrupt gradient profile for shallow junction depths. Example
implementations are hereinafter illustrated and described in the context of fabricating pMOS
transistors with a B or BF; drain extension dopant implantation and anneal, wherein the
structures illustrated are not necessarily drawn to scale. However, it will be appreciated that
the invention may be employed separately or in combination in forming drain ex tensions in
nMOS transistors using suitable dopants exhibiting an enhanced diffusion property in the
amorphous phase, as well as in fabricating other devices apart from the example structures
illustrated herein. These and other benefits will become more apparent as the fol lowing
figures are described.

As indicated previously, while CMOS devices are being scaled down to support
future technologies, it has become increasingly problematic to propbrtionately scale down the
depth and gradient of drain extension regions. Some of these problems and issuess will
become more apparent in light of a prior art method that has been used for formimng transistor
source/drain extension regions in a semiconductor device.

FIG. 2, for example, illustrates a profile for a conventional MOS transistor utilizing a
drain extension or “tail” and one or more problems associated with the reduction in scale of a
transistor. The MOS transistor 30 comprises a gate structure 32 having a channe 1 length 32a,
a polysilicon material layer 33 formed overlying a gate-oxide layer 34, formed overlying a
semiconductor substrate 35 wherein source/drain regions 36 reside on either side of a channel
region 37. In the conventional MOS transistor 30, a deep source/drain junction 38 having a
depth 38a is typically formed alongside a gate structure by implantation. The S/D region 36
has a drain extension or ““tail” 40 with depth 41, extending into and underlying the gate 32
and gate channel area 37. An enlarged detail 42 further illustrates the area surrounding the
drain extension tail 40, and the manner in which the drain extension shortens the effective
channel length by comparison to a transistor without this drain extension tail feature 40.

In the fabrication process of the conventional MOS transistor 30 of FIG. 2, isolation
structures (not shown) are formed in the substrate 35, and the gate oxide 34 (e.g. , gate
dielectric) is formed. The layer of polysilicon 33 is deposited over the gate oxide 34, and is
then patterned to form the polysilicon gate structure 32. Subsequently, an LDD implant is

performed, wherein drain extension regions 40 are implanted using (e.g., As). Note that this
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method is generally limited to the low dose levels of the LDD implant without offset or side
wall spacers. ,

Since the drain extension depth 41 is relatively small by comparison to the channel
length 32a and to a number of other features of the MOS transistor 30, the drain extension
depth 41 tends to become a more difficult feature to scale down with the remainder of the
transistor 30. Further, there is a desire for the dopant gradient, or rate of change in dopant
concentration downward through the depth of the drain extension, to become increasingly
sharp or abrupt in terms of the profile of the dopant gradient, to keep pace with transistor
scaling.

The inventor of the present invention has realized that the goals for semiconductor
processing in the drain extension area, face two opposing goals; to form a highly graded
(abrupt) dopant profile ex tension that is as shallow as possible, and also to allow sufficient
dopant diffusion near and slightly under the channel region, in part for the reasons previously
stated. Although conventional thermal annealing is slow, it adequately supplies the needed
diffusion of the dopant after implantation. However, in one example, upon subsequent deep
source/drain implant with common MDD and HDD materials, a fast or flash anneal is
desirable to stop or prevent further unwanted diffusion from degrading the “steepness” or
abruptness of the dopant profile. Careful time and temperature studies are often needed to
maintain control of the processing results.

Recent developments in lasers suitable for semiconductor annealing purposes have
provided another solution where ultra-fast annealing is desirable, while at the same time
presenting another problem. Laser annealing is capable of ultra high temperatures (UHT) in
the range of, for example, about 1100°C to 1400°C achieving the annealing process in
approximately one millisecond (1ms) or less. At these temperatures produced by the laser,
epitaxial recrystallization takes place in the silicon substrate while it is still in the solid phase
or SPER. The problem presented by these laser temperatures and times, however, in the case
of the drain extension, is that diffusion within the extension is essentially halted in that
millisecond. Therefore, such UHT laser annealing tends to disadvantageously limit the
dopant diffusion in those regions exposed to the laser.

In response to these seemingly opposing goals and problems, the present invention is

presented. One aspect of the invention provides methods for fabricating one or more MOS
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transistors in a wafer, which comprise implanting a heavy ion species or neuiral iom species,
such as Ge (Germanium), In, Sb, As, P, BF,, or another amorphizing ion), deep into a drain
extension region of the substrate adjacent the channel region to form a deep amorphized
region in the silicon using a pream.orphizing process. The amorphized silicon is thren
implanted with a dopant species stach as B (boron) or BF; (boron difluoride) for pMOS
devices, or another dopant species that exhibits an enhanced diffusion property in the
amorphous phase, using a dopant implantation process.

The dopant implanted in the drain extension is then preannealed (Pre-SPER ) at a low
temperature (L T) to allow some diffusion downward to achieve an ideal dopant concentration
and depth, and laterally for some beneficial diffusion under the channel region, using an LT
preanneal process. The LT preanraeal process is maintained at a temperature below~ the
recrystallization temperature of a silicon substrate, for example, less than about 600°C (e.g.,
about 550°C). Finally, a laser SPEER anneal (e.g., an ultra-fast flash anneal, <lms) provides a
solid phase epitaxial recrystallization (SPER) of the drain extensions.

One such method 70 is illustrated in FIGS. 3A thru 3D, representing severaul
variations of the method for fabricating an MOS transistor in accordance with several aspects
of the present invention. Although the example method 70 is illustrated and described
hereinafter as a series of acts or ev-ents, it will be appreciated that the present inveration is not
limited by the illustrated ordering of such acts or events. In this regard, some acts may occur
in different orders and/or concurrently with other acts or events apart from those illustrated
and/or described herein, in accordance with the invention. In addition, not all illustrated
steps may be required to implement a methodology in accordance with the present invention.
It is further noted that the methods according to the present invention may be implemented in
association with the wafers and transistor devices illustrated and described herein as well as
in association with other apparatus and structures not illustrated.

Method 70 comprises an example solid phase epitaxy by laser annealing process that
may be used in the fabrication of one or more MOS transistors in a wafer, the method
beginning at 71. A MOS transistor may be provided at 72 of FIG. 3B, for exampl e, for
receiving the epitaxial growth and annealing. The transistor may have a gate structure

previously formed with an offset Spacer along side the gate and overlying a silicora substrate.
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Returning to FIG. 3A, either separately, or combined in one step as shown at 74, the
drain extension regions are preamorphized and implanted with, for example, axn MDD
material layer. For example, the preamorphization may be accomplished by thee ion
implantation of a heavy ion species or neutral ion species, such as Ge (Germannium), In, Sb,
As, P, BF,, or another amorphizing ion). The amorphizing ions of the preamoxphizing
process are implanted deep into the drain extension region of the substrate adjacent the
channel region with sufficient energy to form a deep amorphized region in the silicon. The
preamorphizing heavy ion implantation at 74 comprises, for example, an implantation dose
of about SE13 to SE15 Ge/cm?, such as about 8E13 to SE15 Gelem?, preferably about 2E14
Ge/cm®. The heavy ion drain extension implant at 74, moreover, employs an imnplantation
energy of, for example, about 50 keV to about 100 keV, such as about 45-80 keV, preferably
about 70 keV.

The amorphized silicon is also (subsequently, or concurrently with the
preamorphization step) implanted in the drain extension region with a dopant species such as
B (boron) or BF, (boron difluoride) for pMOS devices, for example, or another dopant
species that exhibits an enhanced diffusion property in the amorphous phase, tasing a dopant
implantation process at 74. The dopant implantation at 74 comprises an implantation dose
of, for example, about SE13 to 8E15 BFy/cm’, such as about 1E14 to 4E15 BF o/em’,
preferably about 1.4E15 BF,/cm”. The drain extension implant at 74, moreov-er, employs an
implantation energy of, for example, about 0.5 keV to about 10 keV, such as about 1-5 keV,
preferably about 3keV. If boron is used, the dose may be about 1E14 to about 4E15 B/cm?,
and an implantation energy of about 0.2 keV to about 2 keV, for example.

The inventor of the present invention has realized that boron or BF; and other such
dopant species have a special property in regard to diffusivity. Boron exhibits a diffusion
enhancing property when implanted in silicon in the amorphous phase. In particular, B or
BF, has been observed. to have a concentration enhanced diffusion property, wherein the
diffusion of boron in atorphous silicon is a function of the dopant concentrati on, the
gradient, and the base diffusivity of B or BF2. It has been observed that an increase in the
dopant concentration of boron produces a corresponding increase in the diffusion of boron
that may be useful to increase the gradient profile attainable in a drain extension. Thus, at

least in the case of pMLOS devices, this enhanced diffusion property permits B or BF; to be

11



WO 2006/047442 PCT/US2005/038235

utilized to form ultra-highly doped drain (UHDD) regions suitable for ultra-thin drain
extensions having a lower sheet resistance.

Following implantation, the B or BF;, atoms occupy interstitial positions in the
substrate lattice in the drain extension region (e.g., as well as in the source/drain regions),
and are then activated through annealing discussed infra.

Optionally, at 76 of FIG. 3C, the dopant (e.g., boron) implanted in the drain extension
may then be preannealed at a low temperature (LT) to provide some relaxation of the
amorphous state in the silicon. This optional or first LT preanneal process is maintained at a
temperature below the recrystallization temperature of the silicon substrate, for example,
between about 400°C to about 600°C (e.g., preferably between about 350°C to about 475°C)
for about 2 seconds to about 2 hours, and preferably about one hour. The optional or first LT
preanneal process is used to provide a higher active concentration of boron, which further
lowers the sheet resistance of the extension regions.

At 78 of FIG. 3 A, the dopant (e.g., boron) implanted in the drain extension is then
preannealed (Pre-SPER.) at a low temperature to allow some diffusion downward to achieve
an ideal dopant concentration and depth, and some diffusion laterally uncler the channel
region, using an LT preanneal process (or second LT preanneal when the optional first LT
preanneal is used). This LT preanneal (or second LT preanneal) is maintained at a
temperature below the recrystallization temperature of the silicon substra te, for example,
about 500-600°C for about 30 minutes or less.

Finally, a laser SPER anneal (e.g., an ultra-fast flash anneal, <Ims) at 84 of FIG. 3A
provides a solid phase epitaxial recrystallization (SPER) of the drain extensions. For
example, the laser SPER anneal occurs at a temperature between about 1200°C to about
1400°C, preferably about 1300°C to about 1350°C for about 1ms or less.

Optionally, at 81 of FIG. 3D, before the laser SPER anneal 84, a side wall (S/W)
spacer may be formed on either side of the gate structure at 82 to aid in thhe implantation of
the deep source and drain (S/D) regions at 83. This allows the annealing of the extensions
and the deep S/D to take place concurrently, as may be desired.

Finally the example method 70 ends at 88, and subsequent converational back-end

processing may be provided.
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FIGS. 4 and 5 illustrate other variations of the solid phase epitaxy by laser anneal
method 90 and 95, respectively, similar to the method 70 of FIGS. 3A-3D, and as such need
not be fully described again for the sake of brevity. Accordingly, methods 90 and 95
illustrate thie use of the preamorphization and implant process 74, the LT preanneal process
78, and the laser SPER anneal 84, in example processing implementations in combination
with a variety of other steps and/or an additional laser SPER anneal step.

For example, FIG. 4 illustrates an example method 90 of fabricating a drain extension
in a MOS transistor in a wafer in accordance with one or more aspects of the present
invention, in a preferred ordering implementation utilizing the collective acts of FIGS. 3A-
3D. Method 90 illustrates the LT preanneal process as comprising 2 first and second
preanneal 76 and 78, respectively. Method 90 further illustrates the final laser SPER anneal
84 concurrently annealing the drain extensions and the deep source/drain regions to
accommod ate the least departure from conventional process methods. Although the anneal
process is performed concurrently to activate and anneal the implanted dopants in the
source/drain regions and those in the drain extension regions, other processes are
contemplated within the scope of the present invention, wherein a separate anneal may be
performed for the source/drain regions.

This laser SPER anneal process at 84 may be performed, for example, in an inert
ambient such as N (nitrogen) and/or Ar (argon), at a peak temperature for about 5 ms or less,
such as about 1 ms, although any appropriate time-temperature anneal process characteristic
may be employed.

FIG. 5 further illustrates another example method 95 of fabricating a drain extension
in a MOS transistor in accordance with the present invention similar to that of FIG. 4.
Method 95 illustrates all the steps of FIG. 4 with the addition of an optional first and second
laser SPER_ anneal, 80 and 84 respectively. The second laser SPER_ anneal 84 is used as
before, whereas the first laser SPER anneal 80 is used to perform an epitaxial re-growth or
recrystallization within the drain extension before the deep source and drain regions are
implanted. Although this may seem an unnecessary extra laser anneal, it may be desirable to
bring to a halt a localized diffusion, for example, while other intervening processes are

accomplish.ed, either by those illustrated or others not illustrated.
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Note that the LT preanneal 78 also causes diffusion of implanted B or BF, downward
and laterally in the substrate, wherein the effective channel length become less than the
physical channel length. Thus, in the illustrated example, the drain extension regions may
extend laterally under the gate structure and downward to a final drain extension junction
depth after the anneal at 78.

It will be appreciated that the implantations and anneals of the illustrated example, as
well as others in accordance with the invention, may provide profi led dopant concentrations,
wherein peak concentrations occur at a certain depth, and where lower concentrations are
found at othier depths within the drain extension regions. Thus, the peak concentration depth
may, but need not coincide with the maximum depth of implanted/diffused dopants within
the drain extension regions. Further, while various implementatiomis of the invention provide
for generally similar concentrations of different dopant species within the drain extension
regions, these concentrations may both be profiled, having peak concentrations at different
depths therein, as illustrated and described further below with resp ect to FIG. 6.

Referring now to FIGS. 6A-6K, an example pMOS transistor 102 is illustrated
undergoing semiconductor fabrication processing in accordance with the invention, wherein
the device 102 is not necessarily drawn to scale. In FIG. 6A, the transistor device 102 is
illustrated at an intermediate stage of fabrication processing of a semiconductor device,
wherein the MOS transistor 102 has been formed on or in a semiconductor substrate 104,
such as silicon or silicon-germanium.

Initially in FIG. 6A, the MOS transistor 102 compri ses multiple layers of
material which comprise a gate stack 105, which is formed over the semiconductor substrate
104. The example layers of the gate stack 105 comprise a gate-oxi de material layer 106
formed over the semiconductor substrate 104, a polysilicon material layer 108 formed over
the gate-oxide layer 106, and a hard mask layer 110 comprising, for example, an oxynitride
material formed overlying the polysilicon material layer 108 and the gate-oxide material
layer 106.

In FIG. 6B, the hard mask layer 110 is patterned using a photoresist and an
anisotropic etch 111 into the gate stack 105.

In FIG. 6C, the hard mask layer 110 now serves as a pattern for further
formation of the gate stack 105 by performing an etch 113 through the polysilicon material
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layer 108 and partially into the gate-oxide layer 106 because of the silicon selectivity of the
etch 113. Subsequently, the hard mask layer 110 is removed.

I FIG. 6D, an offset spacer 112 comprising, for ex ample, an oxide material,
is formed overly ing the gate stack 105 and the remaining gate-oxicle layer 106 overlying the
semiconductor substrate 104. In FIG. 6E, performing an anisotropic etch 114 removes
portions of the oxide material of the offset spacer 112 to expose the gate-oxide layer 106 and
the semiconductor substrate 104, respectively. FIG. 6F illustrates the final shape of the offset
spacer 112, and that of a gate structure 116 formed overlying the semiconductor substrate
104, resulting from the anisotropic etch 114 of FIG. 6E. FIG. 6F also shows that the offset
spacer 112 is foramed to a thickness 112’ to aid in masking subsequrent extension and deep
S/D region dopant implantation.

Thus, to this point, a gate structure 116 is provided overlying a substrate 104,
wherein drain ex tensions and deep source/drain regions of the MO S transistor 102 may be
formed by implantation generally in accordance with the example amethod 70 (act 72)
illustrated and desscribed above. Thereafter, in FIGS. 6G-6K, MOSS transistor 102 is formed,
generally in accordance with the example method 70 (acts 74-88) also illustrated and
described above.

In FIG. 6G, a preamorphization and doping implant 124 is performed on the
semiconductor substrate 104 alongside the gate structure 116 of the MOS transistor 102.
Although the preamorphization implant is discussed before the doping implant, either
implantation may” be accomplished first, wherein the implants may occur concurrently or
sequentially in th.e present invention. In accordance with an aspect of the invention, the
preamorphizatiorn implantation portion of process 124 comprises irmplanting a heavy ion
species, for example, Ge, In, Sb, As, P, BF2, Si, Xe, Ar, or another- amorphizing ion. The
preamorphizatiornn implantation 124 is used to form a deep amorphi zed region 142 to a depth
142’ in one or more drain extension regions 143 in the substrate 104.

In one example, the implanting of the heavy ion species deep into an
extension region in the preamorphizing process 124 comprises an i1nplantation dose of about
5E13 to 5B15 Ge/cm?, such as about 8E13 to 5E15 Ge/om’, preferably about 2E14 Ge/cm?.

The heavy ion drain extension implantation 124, moreover, employ’s an implantation energy,
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for example, of about 50 keV to about 100 keV, such as about 45-80 keV, preferably about
70 keV.

The dopant implantation portion of implant process 124 comprises implanting
the drain extensions 143 with a relatively shallow layer of a dopant species such as B (boron)
or BF; (boron difluoride) for pMOS devices, for example, or another dopant species that
exhibit an enhanced diffusion property in the amorphous phase. In one example, the example
dopant implantation process portion of 124 comprises an implantation dose of about 5E13 to
8E15 BF,/cm’, such as about 1E14 to 4E1 5 BF,/cm?, preferably about 1.4E15 BF,/cm”. The
drain extensions 143, moreover employ an implantation energy of about .5 keV to about 10
keV, such as about 1-5 keV, preferably about 3keV. If boron is used, the dose may be about
1E14 to about 4E15 B/cm?, and an implantation energy of about 0.2 keV to about 2 keV, for
example. Other implant concentrations, depths, gradients, and types of semiconductor
devices are also anticipated within the scope of the present invention. The offset spacer 112
guides the implant 124 to space the implant away from the gate stack 105 by the thickness
112°.

In FIG. 6H, an optional low temperature (LT) preanneal 152 may be
performed on the deep amorphized region 142 following the preamorphization and doping
implant 124. This optional LT preanneal 152 provides a temperature high enough to cause
the amorphous state of the silicon to relax some, yet is maintained at a temperature and time
product low enough to keep the silicon from recrystallizing. In one example, the LT
preanneal 152 is performed at a temperature of, for example, about 400-450°C for about 30
minutes. Other optional LT preanneal temperatures and times that provide amorphous state
relaxation without recrystallization are also anticipated within the scope of the present
invention.

In FIG. 6I, a low temperature (LT) preanneal 153 (or Pre-SPER) is performed on the
dopant (e.g., B, BF, or other species in the case of a pMOS transistor) implanted in the drain
extension regions at a temperature high enough to allow some diffusion downward to achieve
an ideal dopant concentration and depth, and some diffusion laterally under the channel
region. Such a low temperature preanneal further provides dopant diffusion without gradient
profile degradation. The LT preanneal process is maintained at a temperature below the

recrystallization temperature of the silicon substrate, for example, between about 400°C to
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about 600°C (e.g., preferably between about 450°C to about 550°C) for about 2 seconds to
about 2 hours, and preferably about one hour. Other LT preanneal temperatures and tizmes
that provide adequate diffusion concentration and depth without recrystallization are also
anticipated within the scope of the present invention.

Finally in FIG. 6J, a laser SPER anneal 155, utilizing a laser provides solid
phase epitaxial recrystallization (SPER) of the drain extensions 143. Ideally, the drain
extensions 143 are raised rapidly enough in the laser SPER anneal 155 to continue the SPER
anneal to ultra-high temperature levels between about 1200°C to about 1400°C, preferably
about 1350°C for about 1ms or less.

Optionally therea fter, laser SPER anneal 155, and/or an additional laser SPER
anneal 156 similar to anneal 155 may be accomplished after subsequent conventional back-
end processing as illustrated by FIG. 6K and the method steps of FIGS. 5-6. For example,
sidewall spacers 158 may be formmed alongside the gate structure 116 to guide implanta tion of
the deep source/drain regions 160 in the substrate 104 of transistor 102. Optionally, then, the
laser SPER anneal 155, and/or the additional laser SPER anneal 156 may be done to
concurrently provide solid phase epitaxial recrystallization (SPER) of both the drain
extensions 143 and the deep S/D regions 160. Thereafter, other conventional back-end
processing may include silicide and interconnect processing (not shown).

In this way, the drain extensions 143 are annealed to a crystalline state vwhile
still in the solid phase, in a thin, highly concentrated drain extension layer 143, formed ata
high activation level, yet possessing the desired level of dopant diffusion. Further, such
higher activation levels and solid phase epitaxy mitigate end-of-range damage characteristic
of lower temperature final annealing processes and/or profile degradation. |

Using preamorphization and dopant implantation, preannealing, and laser
SPER annealing of a heavy ion and the boron dopant species examples, respectively, th.e
present invention provides for higher level dopant concentrations in drain extensions arad
corresponding reduction in sheet resistance compared with conventional techniques.

It will be noted that the device 102 illustrated and described above, as well as th.e
methods 70, 90, and 95 are example in nature, and that many alternative orderings of various
process steps may be made in accordance with the spirit and scope of the present invention.

In addition, as pointed out above, the invention is not limited to pMOS device fabrication,
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and may be 1mplemented in association with fabricating nMOS transistors as well.
Moreover, the invention finds utility in association with the manufacture of memory devices,
wherein the various aspects thereof may be applied in fabricating memory cells and the like.
Although the invention has been illustrated and described with respect to one or more
implementations, equivalent alterations and modifications will occur to others skilled in the
art upon the reading and understanding of this specification and the annexed drawings. In
particular regard to the various functions performed by the above described components
(assemblies, devices, circuits, systems, etc.), the terms (including a reference to a "means")
used to describe such components are intended to correspond, unless otherwise indicated, to
any component which performs the specified function of the descri bed component (e.g., that
is functionally equivalent), even though not structurally equivalent to the disclosed structure
which performs the function in the herein illustrated example implementations of the
invention. In addition, while a particular feature of the invention may have been disclosed
with respect to only one of several implementations, such feature may be combined with one
or more other features of the other implementations as may be desired and advantageous for
any given or particular application. Furthermore, to the extent that the terms "including",
"includes", "having", "has", "with", or variants thereof are used in either the detailed

description and/or the claims, such terms are intended to be inclusive in a manner similar to

the term “comprising.”
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CLAIMS
l. A method of fabricating a drain extension in a MOS transistor, comprising:
implanting a heavy ion species into an extension region of a substrate adjacent
a channel region of the substrate to form an amorphized region;
implanting a dopant species into the extension region of the substrate adjacent
the channel region;
annealing the implanted dopant species in the extension region to set a
junction depth and doping concentration using a low temperature preanneal process at a
temperature below a recrystallization temperature of the substrate; and
annealing with a laser the extension region to activate the dopant species
throughout substantially all of the drain extension region.
2. The method of claim 1, further comprising forming a gate structure over the
channel region of the substrate before forming the amorphized region.
3. The method of claim 1 or 2, further commprising;:
forming a sidewall spacer around a gate structure over the channel region of
the substrate; and
implanting deep source and drain regions proximate the extension region

before the laser anneal process.

4. The method of claim 1, 2 or 3, wherein. the heavy ion species comprises one
of Ge, In, Sb, As, P, BF,, Si, Xe, Ar.
5. The method of any of claims 1 - 4, wherein the dopant species comprises one

of boron or another dopant species exhibiting an enhanced diffusivity property in an

amorphous phase of silicon.

6. The method of any of claims 1 - 5, wherein the low temperature preanneal

process comprises:
a first low temperature anneal of about 450°C to about 550°C for about 30

minutes or less to relax an amorphous state of the substrate;
a second low temperature anneal processed at a temperature above the first

low temperature anneal, but below the recrystallizationn temperature of the substrate.
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7. The method of any of claims 1 - 6, wherein the temperature of the second low
temperature anneal is about 600°C or less and about 500°C or more for about 30 minutes or
less.

8. The method of any of claims 1 - 7, wherein the low temperature preanneal
process provides sufficient time and temperature below that of recrystallization of the
substrate to provide diffusivity adjacent to and under the channel region of the MOS
transistor.

9. The method of any of claims 1 - 8, wherein the laser anneal process is
performed at about 1350°C or less for about 1ms.

10.  The method of claim 1, further comprising:

forming a sidewall spacer around a gate structure over the channel region of
the substrate after the laser anneal process;

implanting deep source and drain regions; and

annealing with a laser the extension region and the deep source and drain
regions to activate the dopant species in the drain extension and the deep source and drain

regions proximate the channel region using a second laser anneal process.
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