MULTIPLE PULSE LASER ANNEALING TO ACTIVATE ULTRA-SHALLOW JUNCTIONS
BACKGROUND OF THE INVENTION (1) Field of the Invention The invention relates to processes for the
manufacture of semiconductor devices and more particularly to processes to the formation of MOSFETs
(metal oxide silicon field effect transistors). (2) Background of the invention and description of previous

art Integrated circuits(le)Aﬁr%rﬁ@uéaﬁtﬂ egiﬁ_bx R E)aniﬂf\ée.r W&mﬂ*ﬂgr devices within the

surface of silicon wafers. vel metallurgical interconnection network Is then formed over the

devices contacting their active elementi AIRIAVSHA LhOWAHINEGTIONRate the desired circuits. Most of
the ICs produced today utilize the MOSFET as the basic semiconductive device. MOSFETs are chosen
over their bipolar counterparts because they can be easily manufactured and, because they operate at

low voltages and currents, they geﬁéﬁﬂm@tgﬁeﬂﬁgwﬁ ell suited for high density
circuit designs. The basic MOSFET tal OX emiconduc iel ect Transistor) is 1 typically
formed by a self-aligned polysilicon gate process wherein source and drain regions are formed adjacent
to the polysilicon gate by ion implantation using the

(1) Field of the Invention

The invention relates to processes for the manufacture of semiconductor
devices and more particularly to processes to the formation of MOSFETs (metal

oxide silicon field effect transistors).
(2) Background of the invention and description of previous art

Integrated circuits(ICs) are manufactured by first forming discrete
semiconductor devices within the surface of silicon wafers. A multi-level
metallurgical interconnection network is then formed over the devices contacting
their active elements and wiring them together to create the desired circuits. Most of
the ICs produced today utilize the MOSFET as the basic semiconductive device.
MOSFETSs are chosen over their bipolar counterparts because they can be easily
manufactured and, because they operate at low voltages and currents, they

generate less heat thereby making them well suited for high density circuit designs.

The basic MOSFET (Metal Oxide Semiconductor Field Effect Transistor) is



gate as a mask. The source/drain is thereby self-aligned to the gate electrode. A channel region directly
under the polysilicon gate is thereby also defined by the gate electrode. In order to reduce hot electron
injection into the channel region, a low concentration of source/drain dopant is first implanted with the
gate as a mask. This is commonly referred to as a lightly doped drain (LDD) implant. Sidewalls are then
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method for ‘%%ﬁé%%f?&f?@ﬁ‘o% source/drain dopant is first implanted with the gate as a mask.

This is commonly referred to as a lightly doped drain (LDD) implant. Sidewalls are

then formed alongside the gate electrode and a second substantially deeper and

higher dosage implant is then applied to form the main source/drain regions which

are spaced laterally away from the edge of the polysilicon gate by the sidewall

thickness. The completed source/drain regions then each consist of a main heavily

doped portion to which external contact is made and a lightly doped extended

portion which abuts the channel region.

As device dimension continue to shrink, short channel effects become
significant and begin to affect device performance. In conventional LDD processes
short channel effects are compensated by implanting shallower junctions which
come at the expense of high impurity concentrations. As a consequence, the
resultant lower impurity concentrations cause undesirably high source and drain
series resistance. It is therefore desirable to form shallow LDD regions with highly
activated impurity concentrations and abrupt junctions.

Ishida, U.S. Patent number 5,966,605 cites a method for infusing dopant



into a polysilicon gate structure by first blanket depositing a dopant enriched layer over the wafer after
the polysilicon gate structure has been formed. Laser irradiation is then applied to melt the polysilicon
and thereby causing the dopant to be infused therein. The laser energy is not sufficient to melt and cause
dopant infusion into the source/drain regions. Yu, U.S. Patent number 6,372,585 B1 shows that nitrogen,
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annealing. Zhang, et.al., U.S. Patent number 6,319,761 B1 shows that annealing
of ion implanted source/drain regions with an excimer laser improves crystallinity

and repairs implant damage.

Chong, et.al. U.S. Patent number 6,365,446 B1, issued to the present
assignee, shows a method for simultaneously forming silicide contact regions and
source/drain regions by first, amorphizing the designated regions by ion implantation
of Ge, As, or Ar, next depositing a refractory metal layer, and then implanting the
dopant ions through a metal layer. The amorphized regions are then melted by
laser irradiation, causing the dopant atoms to quickly distribute in the melted
regions. At the same time, the refractory metal reacts with the upper surfaces of
the molten amorphized silicon regions to form a metal silicide. The melted

source/drain regions then re-crystallize to form active source/drain elements.

In a related patent Chong, et.al. U.S. Patent number 6,391,731 B1,

amorphize both the deep source/drain regions and the shallow source/drain



3 extensions using two Ge, As, or Ar implantations. After dopant implantation, a single laser anneal then
melts these regions and caused the dopant to distribute. After the anneal the regions re-crystallize
epitaxially from the subjacent single crystalline silicon. to form highly activated, very shallow doped
regions with abrupt junctions. It is found by the present inventors that, while a high degree of activation
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laser anneai &ijefwgtion depth has essentially doubled, dropping down to about 65nm. The profile 54
after the single pulse laser anneal is typical and clearly shows the uniform boron distribution which
occurs during period when the silicon is molten.

It is found by the present inventors that, while a high degree of activation and
superior abrupt junctions are obtained by these measures, junction movement
nevertheless occurs during the laser annealing process, wherein the amorphous
regions are selectively melted and then re-crystallized. This becomes increasingly
significant and measurable for ultra shallow source/drain extensions or LDD regions.

This is illustrated in Fig. 1 wherein the boron profile is shown before 50 and after a
spike rapid thermal anneal 52 and after a single laser melting anneal 54 at a laser
energy of 0.4 Joules/cm? for a pulse duration of about 23 nanoseconds. Estimating
the junction begins at a point where the boron concentration diminishes to about
2x10'® atoms/cm®, the as implanted junction is at a depth of about 35nm. After the
spike RTA at 1,080EC , the junction has moved to about 58nm. After the laser
anneal the junction depth has essentially doubled, dropping down to about 65nm.
The profile 54 after the single pulse laser anneal is typical and clearly shows the
uniform boron distribution which occurs during period when the silicon is molten.
The point 56 is believed to be the bottom boundary of the amorphous silicon which

is molten during the laser anneal. The boron beyond this point has diffused out of



The point 56 is believed to be the bottom boundary of the amorphous silicon which is molten during the
laser anneal. The boron beyond this point has diffused out of 4 the amorphous region and into the
subjacent single crystal silicon during the molten period, resulting in a deeper junction. the junction profile
is decidedly more abrupt than the as deposited boron. The sheet resistance recorded for the laser
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While single pulse laser anneal exhibits a higher degree of activation than the
spike RTA anneal, as indicated by the lower resistivity, the increase of junction
depth is not a welcome compromise. It is therefore desirable to achieve low
resistivity without sacrificing junction depth. The present invention cites an
activation annealing procedure which results in a high degree of activation while

leaving the as-implanted dopant profile essentially unchanged.



type embedded in a semiconductive region of a second conductive type. It is yet another object of this
invention to describe a method for forming a MOSFET device having ultra shallow lightly doped
source/drain extensions. These objects are accomplished by first defining an active silicon region on a
silicon wafer, then defining source/drain regions in the active silicon region by forming a gate electrode

over a gate oxide. The source/drain regl(}mﬁ?@# ﬁ@lﬁ@lﬁﬁﬂ@@hized by ion implantation followed
oth . The

by implantation of the desired dopant Species in ese regions opant is next activated by pulsed
laser annealing whereby the pulse fluence, frequency, and duration are chosen to maintain the
amorphized region just below it=s melting temperature. It is found that just below the melting temperature

there is sufficient IoEaI ion mobil'tgt secure the dopant into, activ% §ition within the .silicon matrix to
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method for forming a CMOS device having ultra shallow lightly doped source/drain extensions. These

objects are accomplished by first defining an active silicon region for an n-channel MOSFET and another
nearby silicon activg f&%‘ﬁ&ﬁ%&%&'&&%}’}ﬁks invention to provide a method for forming for

forming highly activated, ultra shallow semiconductive element of a first conductive

type embedded in a semiconductive region of a second conductive type.

It is yet another object of this invention to describe a method for forming a

MOSFET device having ultra shallow lightly doped source/drain extensions.

These objects are accomplished by first defining an active silicon region on a
silicon wafer, then defining source/drain regions in the active silicon region by
forming a gate electrode over a gate oxide. The source/drain regions are then
selectively amorphized by ion implantation followed by implantation of the desired
dopant species into these regions. The dopant is next activated by pulsed laser
annealing whereby the pulse fluence, frequency, and duration are chosen to
maintain the amorphized region just below it=s melting temperature. It is found that
just below the melting temperature there is sufficient local ion mobility to secure the
dopant into active positions within the silicon matrix to achieve a high degree of

activation with essentially no change in concentration profile. The selection of the



MOSFET, on a silicon wafer. Source/drain regions for each device are then defined in the active silicon
regions by forming a gate electrode over a gate oxide for each device. The source/drain regions for both
devices are then selectively amorphized by ion implantation followed by implantation of the desired
dopant species into these regions. The dopant implantations are alternately implanted in the conventional
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These objects are accomplished by first defining an active silicon region for

an n-channel MOSFET and another nearby silicon active region for a p-channel
MOSFET, on a silicon wafer. Source/drain regions for each device are then defined
in the active silicon regions by forming a gate electrode over a gate oxide for each
device. The source/drain regions for both devices are then selectively amorphized
by ion implantation followed by implantation of the desired dopant species into these
regions. The dopant implantations are alternately implanted in the conventional
manner by protecting one device while implanting the other. The dopant in both
devices is then simultaneously activated by pulsed laser annealing whereby the
pulse fluence, frequency, and duration are chosen to maintain the amorphized

region just below it=s melting temperature.



invention. Fig. 4 is a graph showing the behavior of the sheet resistance of a boron implanted
pre-amorphized silicon layer as a function of the number of laser pulses applied according to the method
of the present invention. Figs. 5A thru 5G are cross sectional views of an in-process wafer which illustrate
the process steps of a second embodiment of the present invention. 8 DESCRIPTION OF THE

PREFERRED EMBODIMENTS E@ﬁﬁﬁ%iﬁ%ﬁf&ﬁﬁgﬁtﬁ)ﬂ@ﬁ&gnnel self-aligned gate
allo r

MOSFET is formed with an ultra’s w Tightly doped source/drain region on each side of the channel
region. Referring toFig.,2a, an n-type <100> ariented monocrystalline silicon wafer. 10 with a resistivity of
i B e e it ntel Rl

ig. .
between about 2 ando‘gd o'ﬁr‘ﬁl g P&/V?'('jne% 2¥I868N ﬁpqu?a Wﬁs AR '{Feﬂc ?8fhtion (STI)
is formed, defini n, enclosed silicon region, 8 wherein the devi il he formed. The STI regions 12 is
formed by tE R AL B S P oLy BT R SO MR hoon device
region, grow%'n(aq8 betyween about 100 and 500 Angstrom thick thermal oxide in the trench and then filling
the trench b)/ %Bgﬁi ¢ an insulative layer, preferably silicon oxide. The excess silicon oxide above the

trench is then removed by CMP (chemical mechanical planarization). Alternately the field isolation 12
may be formed by the familiar LOCOS (local oxidation of silicon) method. A

Figs. 2A thru 2E are cross sectional views of an in-process wafer which

illustrate the process steps of a first embodiment of the present invention.

Fig. 3 is a graph showing the behavior of the concentration profile of boron
implanted into a pre-amorphized silicon region as affected by various pulsed laser
annealing treatments in which the laser fluence is maintained low enough to avoid
melting of the pre-amorphized silicon according to the teaching of the present

invention.

Fig. 4 is a graph showing the behavior of the sheet resistance of a boron
implanted pre-amorphized silicon layer as a function of the number of laser pulses

applied according to the method of the present invention.

Figs. 5A thru 5G are cross sectional views of an in-process wafer which

illustrate the process steps of a second embodiment of the present invention.



gate oxide 14 is grown on the exposed active silicon and polysilicon is blanket deposited over the gate
oxide and patterned to define a polysilicon gate electrode 16. The wafer 10 is next implanted with
germanium ions 17 at a dose of between about 1x1014 and 1x1016 ions/cm2 at an energy of between
about 0.5 and 20 keV. This implantation amorphizes the exposed upper surface regions 18 of the active

silicon wherein the source Bg%erﬁi?,ﬂane@; ﬂ-l%%ﬂﬁ%ﬁﬁé’ﬁe Rn%fﬁmaﬁw.&Altemately, another
0

ion, for example silicon or argon ions may be implante cause the amorphization of these regions. The
thickness of the amorphized region, referred to hereafter as the PAI (pre-amorphized implant) layer, is
between about 2 and 20 nm. The dashed line 25 indicates the approximate depth of the amorphized

regions Referring now_to Fig. 2. horon jons 19 are next implanted intq the_amarphous gffé)lg gions 18
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region. Alterﬁg?er]y, he Boron dose ({érpbge)qlﬁgorp%’rg{éa bv) ¢ <TUU>"oriented monoerys
silicon wafer 10 with a resistivity of between about 2 and 50 ohm cm. is provided.
Field isolation 12 preferably shallow trench isolation (STI) is formed, defining an
enclosed silicon region 8 wherein the device will be formed. The STl regions 12 is
formed by the well known method of anisotropically etching a trench surrounding the
active silicon device region, growing a between about 100 and 500 Angstrom thick
thermal oxide in the trench and then filling the trench by depositing an insulative
layer, preferably silicon oxide. The excess silicon oxide above the trench is then
removed by CMP (chemical mechanical planarization). Alternately the field isolation
12 may be formed by the familiar LOCOS (local oxidation of silicon) method. A
gate oxide 14 is grown on the exposed active silicon and polysilicon is blanket

deposited over the gate oxide and patterned to define a polysilicon gate electrode

16.

The wafer 10 is next implanted with germanium ions 17 at a dose of between
about 1x10'* and 1x10'® ions/cm? at an energy of between about 0.5 and 20 keV.
This implantation amorphizes the exposed upper surface regions 18 of the active

silicon wherein the source and drain elements of the MOSFET are to be formed.



implanting BF2+ ions at an implantation energy of between about 5 and 30 keV. After implantation, the
boron atoms must be activated in order to perform as semiconductive acceptor impurity. Activation is
accomplished by providing energy to encourage bonding of the boron atoms with the silicon matrix. In the
present invention activation is achieved by subjecting the wafer surface to pulsed laser irradiation,
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a decrease iféaa!;b%et resistance of the silicon. Fig. 4 is a graph which shows the behavior of the sheet
resistance o oron implanted PAI layer on a test site which has been subjected to the same
processing steps as described supra to form the MOSFET. The graph shows that at least ten pulses

Referring now to Fig. 2b, boron ions 19 are next implanted into the
amorphous silicon regions 18 where they form lightly doped regions 20 having an
as-implanted concentration profile indicated by the curve 60 in Fig. 3. The boron
ions are implanted at a dose of between about 5x10'* and 1x10'® ions/cm? at an
energy of between about 0.2 and 0.7 keV. This places the centroid of the boron
distribution at a depth of between about 2 and 5 nm. below the silicon surface, well
within the amorphous region. Alternately, the boron dose can be incorporated by

implanting BF," ions at an implantation energy of between about 5 and 30 keV.

After implantation, the boron atoms must be activated in order to perform as
semiconductive acceptor impurity. Activation is accomplished by providing energy
to encourage bonding of the boron atoms with the silicon matrix. In the present
invention activation is achieved by subjecting the wafer surface to pulsed laser
irradiation, preferably using an excimer laser. The laser used in this embodiment is
a 248 nm. wavelength KrF excimer laser producing radiation energy at a fluence of

between about 0.1 and 0.8 Joules/cm?®.  Pulses of between about 10 and 40 ns.

10



are required to effect the major portion of the activation process. However, application of a total of 50
pulses continues to improve the activation but to a far lesser extent (less than 2% more after the first 10
pulses). Referring back to Fig. 3, the boron profile 62 remains essentially unchanged over the range of 1
to 50 pulses. Table | summarizes the measured sheet resistance of the boron implanted PAI layer. Not
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layer melt regime. During the administration of this laser annealing the boron
atoms have sufficient mobility to become activated within the silicon matrix. The
activation process is marked by a decrease in sheet resistance of the silicon. Fig. 4
is a graph which shows the behavior of the sheet resistance of a boron implanted
PAI layer on a test site which has been subjected to the same processing steps as
described supra to form the MOSFET. The graph shows that at least ten pulses
are required to effect the major portion of the activation process. However,
application of a total of 50 pulses continues to improve the activation but to a far
lesser extent (less than 2% more after the first 10 pulses). Referring back to Fig. 3,

the boron profile 62 remains essentially unchanged over the range of 1 to 50 pulses.

Table | summarizes the measured sheet resistance of the boron implanted
PAl layer. Not only does the method of the present invention keep the shallow

junction in place but also it provides improved activation.
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rearrangement thereby significantly reducing stress. This is particularly important to reduce junction
leakage near the channel region. Referring now to Fig. 2D, insulative sidewalls 22 are formed along the

polysilicon gate stac

k 16. Procedures for forming insulative sidewalls are well known in the art. They are

formed by first depositing a conformal layer of the selective insulative material, using a CvVD method, and

then anisotropically %&H@%ﬁ@&‘ﬁ%&%@%@d@’%ﬁ'ﬁﬂER@%rﬁFﬁi@@gﬂi@ﬁﬂ g the sidewalls 22. Preferred

insulative materials i

nclude silicon oxide, silicon nitride, or silicon oxynitride. The 12 desired or design

length of the lightly dogﬁede %Sig /r;dcgfqﬁ%(tsgsraﬂ%g %ﬂe&wipgﬂsﬂt% gidewall thickness which, in turn,

determines the thick

nessof depo

Hewalls 22 are formed the main

source/drain regions|aggiKennesh! by 1iB@iaNERTAAoron jnto 898 exposed silicon regions, now masked at the
gate electrode, by the sidewalls, The majn source/drain elements ale considerably deeper and extend

below the bottom of

S ARIREAG Y indicated joy tHd °dashed line 25. The source/drain extensions

20D lie within the initlaPasaanpiige o pgies, amd/breéjefore, tee portiorns of the p-n junctions which lie under

the extensions 20b
treatment has signifi

emains in the PATTegion 18a. HOWeVer, because the laser activation annealing
cantly reduced the local stress in this region, stress

The activation of the shallow boron implantation of the in process MOSFET is

illustrated by Fig. 2C where the pulsed laser irradiation hv 21 is shown. The shallow

source/drain regions 20a are now fully activated. The Laser annealing treatment not

only acti

vates the boron by securing improved bonding of the boron atoms into the

silicon matrix, but also repairs silicon damage (high stress regions) caused by the

germani

amorphi

um implant 17. While the laser treatment does not allow melting of the

zed region, enough energy is imparted to permit localized bonding

rearrangement thereby significantly reducing stress. This is particularly important to

reduce |

unction leakage near the channel region.

Referring now to Fig. 2D, insulative sidewalls 22 are formed along the

polysilicon gate stack 16. Procedures for forming insulative sidewalls are well

known in the art. They are formed by first depositing a conformal layer of the

selective insulative material, using a CVD method, and then anisotropically etching

back the layer with RIE or plasma etching, leaving the sidewalls 22. Preferred

insulative materials include silicon oxide, silicon nitride, or silicon oxynitride. The
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induced junction leakage is meliorated. Referring next to Fig. 2E, salicide (self-aligned silicide) contacts
28 are formed on the source/drain regions 24 and on the gate electrode 16, completing the formation of
the p-channel MOSFET 30. Methods for forming salicide contacts are well known and widely practiced.
The thermal treatment used to form the salicide contacts 28 also provides sufficient activation for the

main sourceldlgegion e R et aTBasiyegs o o xeaion siliges an e cog aubstrae
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substrate con ype asre erred to herein does not necessari e conductivi
starting waf &1 could also be the conductivity of a diffused region Wlthln a wafer wherein the
semiconductor devices are incorporated. In a second embodiment of this invention the principles taught
in the first embodiment are applied to form a complimentary MOS transistor pair. The main teaching of
the second embodiment is that the novel steps of this invention, namely the pre-amorphization and the
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by implanting boron into the exposed silicon regions, now masked at the gate
electrode, by the sidewalls. The main source/drain elements are considerably
deeper and extend below the bottom of the amorphized region, indicated by the
dashed line 25. The source/drain extensions 20b lie within the initial amorphized
region and therefore, the portions of the p-n junctions which lie under the extensions
20b remains in the PAI region 18a. However, because the laser activation
annealing treatment has significantly reduced the local stress in this region, stress

induced junction leakage is meliorated.

Referring next to Fig. 2E, salicide (self-aligned silicide) contacts 28 are
formed on the source/drain regions 24 and on the gate electrode 16, completing the
formation of the p-channel MOSFET 30. Methods for forming salicide contacts are
well known and widely practiced. The thermal treatment used to form the salicide

contacts 28 also provides sufficient activation for the main source/drain regions

While the first embodiment of this invention utilizes an n-type silicon substrate

with p-type ion implantations, a p-type silicon substrate with n-type ion implantations
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Referring to Fig. 5A, an n-type <100> oriented monocrystalline silicon wafer 40 with a resistivity of
between about 2 and 50 ohm cm. is provided. Using well known ion implant procedures, pB and B wells,
42 and 44 respectively, are formed in the wafer surface in regions where the CMOS device pair is to be
formed. The n- channel device will be formed in the p-well 42 and the p-channel device in the n-well 44.
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example silicon or argon ions may be implanted to cause the amorphization of these regions. The
thickness of the amorphized region, referred to hereafter as the PAI (pre-amorphized implant) layer, is

between about 2

RAYASED AR IAGLA A XL onlena Phan hsioy ol Belgen ahout 0.5 and

on amorphizes the exposed upper surface regions e active silicon
grgrtg'@ elements of the MOS devices are to be formed. Alternately, another ion, for

In a second embodiment of this invention the principles taught in the first

embodiment are applied to form a complimentary MOS transistor pair. The main

teaching of the second embodiment is that the novel steps of this invention, namely

the pre-amorphization and the ultraviolet activation are simultaneously applied to

both nB and p-MOS devices, thus, although both B and p-channel devices are

formed, the novel steps added by this invention need only be applied once.

Referring to Fig. 5A, an n-type <100> oriented monocrystalline silicon wafer

40 with a resistivity of between about 2 and 50 ohm cm. is provided. Using well

known ion implant procedures, pB and B wells, 42 and 44 respectively, are formed

in the wafer surface in regions where the CMOS device pair is to be formed. The n-

channel device will be formed in the p-well 42 and the p-channel device in the n-well

44. Field isolation 46 preferably shallow trench isolation (STI) is formed, defining

enclosed active silicon regions 48a for the n-MOS device and 48b for the p-MOS

device. The STI 46 is formed by a well known method such as that cited in the first

embodiment. Alternately the field isolation 46 may be formed by the familiar
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and 20 nm. The dashed line 75 indicates the approximate depth of the amorphized regions Referring
now to Fig. 5B, photoresist is patterned to form a mask 60, protecting the region 48b. Boron ions 61 are
next implanted into the amorphous silicon regions 58 exposed in the region 48a where they form lightly
doped p-type regions 62 having an as-implanted concentration profile indicated by the curve 60 in Fig. 3.

The boron i implan e of t 5X 014 1 /cm2 n energy of
between ab%‘@@@ S Shfg %d ?ggp ees %Q!a ce%troréJ % ecﬁs?% ion at0 A é%@t%%of between
about2and5n elow the rface Il within the amor hous region. Alternately, the boron
dose can beqﬁo@/‘?‘)d?g{eas by |m antlrﬁ)é) %}_eﬁq\é%rshrhe a|tr%p aﬁ?a? 8 rgul[agegr{/] %éeiget%v%én Yabout5 and
30 keV. After tiile hallowg (Ln ln(ﬁ)a %on th ﬁ%hotoreas 60| str giﬂ% I%é rﬁdgslv ith a chemical
stripper, and’? ¥8 508 &? Feiet Qﬁér | %38 ae%)epc iYg &iﬁ%‘c‘rhe active
region 48a. as illustrated in Fig. 5C. Arsenic ions 65 are next |mplanted into the amorphous silicon regions

58 exposed in the region 48b where they form Iightly doped n-type regions 66. having an as-implanted

concentration profilg indicated hy.the curve n Fig, 3. The Arsenic borqn ions are implanted at a dose
of between about LI NALREAN 0T EX CROERE I A0S B MBS A0 G038 LD RAPhic

laces the centroid, of
P Boult 1x10' and 1x10'® ions/cm? at an energy of between about 0.5 and 2.0 keV.

This implantation amorphizes the exposed upper surface regions 58 of the active
silicon wherein the source and drain elements of the MOS devices are to be formed.
Alternately, another ion, for example silicon or argon ions may be implanted to
cause the amorphization of these regions. The thickness of the amorphized region,
referred to hereafter as the PAI (pre-amorphized implant) layer, is between about 2
and 20 nm. The dashed line 75 indicates the approximate depth of the amorphized

regions

Referring now to Fig. 5B, photoresist is patterned to form a mask 60,
protecting the region 48b. Boron ions 61 are next implanted into the amorphous
silicon regions 58 exposed in the region 48a where they form lightly doped p-type
regions 62 having an as-implanted concentration profile indicated by the curve 60 in
Fig. 3. The boron ions are implanted at a dose of between about 5x10'* and 1x10'®
ions/cm? at an energy of between about 0.2 and 0.7 keV. This places the centroid
of the boron distribution at a depth of between about 2 and 5 nm. below the silicon

surface, well within the amorphous region. Alternately, the boron dose can be
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the arsenic distribution at a depth of between about 3 and 8 nm. below the silicon surface, well within the
amorphous region. Alternately, phosphorous ions can be implanted at an implantation energy of between
about 2 and 7 keV. After implantation, the boron and arsenic dopant atoms must be activated in order to
perform as semiconductive acceptor and donor sites. Activation is accomplished by providing energy to

corieven oy LIRIERIRY ey P CITBEE o e AL A P e L B e,
chie Ectingthe water s _ . i excimer
energy at & FLEHED PBarALER Lo oA B ThCTRLIEAes e B O BATah SRUPHG dnd 40 ns.

duration are applied. at a.repetition rate qf aboutlHz. 16 Multipl Ises.are successively.applied to the
o o aangeal i BiRREUHAM A AL BRRY Hid 2 SdUP RIS &/ T Rr e e aRiiRd o

amorphous %lall%t%rr]r}lﬁ?/ B0 ”“arEP%Q}gé%‘ﬁéS&?nmﬁYebecﬁ\%eF I REEE ?ﬁ“s”i‘l‘?u”tﬁ'é%{eacﬁ% ﬁ%&&? tpon
the dopants Used. Alternately othér pulsed lasers' may be used having different energies pulse
durations. However, the key consideration is to maintain the laser fluence just below the PAI layer melt
regime. During the administration of this laser annealing the dopant atoms have sufficient mobility to

hecome actvated vt 0% Sligan At The ARG AR Srrdp B SRS dgsagn sheet

exposed in the region 48b where they form lightly doped n-type regions 66. having
an as-implanted concentration profile indicated by the curve 60 in Fig. 3. The
Arsenic boron ions are implanted at a dose of between about 5x10'* and 1x10'®
ions/cm? at an energy of between about 5 and 30 keV. This places the centroid of
the arsenic distribution at a depth of between about 3 and 8 nm. below the silicon
surface, well within the amorphous region. Alternately, phosphorous ions can be

implanted at an implantation energy of between about 2 and 7 keV.

After implantation, the boron and arsenic dopant atoms must be activated in
order to perform as semiconductive acceptor and donor sites. Activation is
accomplished by providing energy to encourage bonding of the dopant atoms within
the silicon matrix. In the present invention activation is achieved by subjecting the
wafer surface to pulsed laser irradiation, preferably using an excimer laser. The
laser used in this embodiment is a 248 nm. wavelength KrF excimer laser producing
radiation energy at a fluence of between about 0.1 and 0.8 Joules/cm®.  Pulses of

between about 10 and 40 ns. duration are applied at a repetition rate of about1Hz.
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resistance of the silicon. The activation of the shallow dopant implantation of the in process CMOS
transistor pair is illustrated by Fig. 5D where the pulsed laser irradiation by 67 is shown. The shallow
source/drain regions 62 and 66 are now fully activated. The Laser annealing treatment not only activates
the dopant atoms by securing improved bonding of the boron atoms into the silicon matrix, but also

[ re epae; irfeflitl ! ggm%‘pgﬁlgv%gr?g t? r%e%???gé ;";? r[r:v?rlg%@%gré)g?é&%gﬁ%} r’:ggj r%g%/p:g?ﬁnﬁ?txev § It{cﬁ %)g?r}nr:% tS Forcal ized

eai Feling Fegloh, BROugh Snefgy i Impared t perit
jmoton leak2gE My IR o T P e B e S o

nofion 3 SE, nsuliive Siiewe ormed
the af. Thes e o REd By P TobLS e s P oP g Rt M B D g

cvD meth°qr@r'é%eﬁ}gﬁsﬁgé%oﬁrORﬁ?&lWa?ég‘S%}ﬁa%%ﬂﬁéﬁ'ﬁ IR NG Béé’ﬁg‘\ﬁn‘iéﬁ?ﬂfé‘?elﬁa"mg the

sidewalls 70. ulative materi e silicon oxide, silicon nitride, or'silicon oxynitride. The
desired or degj %: Q( ew 9% rai tensiqr rmi ' | thickness
hich, n e SR AL AL T RS, PR SRR RHHI & MR e

laser fluence just below the PAI layer melt regime. During the administration of this

laser annealing the dopant atoms have sufficient mobility to become activated within

the silicon matrix. The activation process is marked by a decrease in sheet

resistance of the silicon.

The activation of the shallow dopant implantation of the in process CMOS
transistor pair is illustrated by Fig. 5D where the pulsed laser irradiation hv 67 is
shown. The shallow source/drain regions 62 and 66 are now fully activated. The
Laser annealing treatment not only activates the dopant atoms by securing
improved bonding of the boron atoms into the silicon matrix, but also repairs silicon
damage (high stress regions) caused by the germanium implant 73. While the laser
treatment does not allow melting of the amorphized region, enough energy is
imparted to permit localized bonding rearrangement thereby significantly reducing
stress. This is particularly important to reduce junction leakage near the channel

region.

Referring now to Fig. 5E, insulative sidewalls 70 are formed along the
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layer. After the sidewalls 70 are formed the main source/drain regions are formed by implanting boron
and arsenic into the respective exposed silicon regions 48a and 48b respectively. The procedures for
implanting the main source/drain regions are similar to those previously applied to form the lightly doped
extensions 62a and 66a. As shown in Fig. 5E the n-channel device region 48b is protected by photoresist

pattern 72 wh|I G§n é{%? qgt];i%n sou dc%grallg re ?es“‘o el d,no ,%]tﬁé,j 0 .v&h& Bark ggle; (;I)Zé(/tlce 48a.

Then, as |Ilug pho oresist mas 15 strlppe ore IS tmas erned to
protect the p-channe i0 e n- ch 1 eld vc n sou ce/dramr ns,are then |mplanted 77 with
arsenic or al e(r)r%rtep ,{ﬁ%o;}ptfoﬂ]oe S. malr(tlesb urce /éreeﬁ Sefmrﬂen%s ar coan@ eraT qeeeper and
extend belowtee: Iotto 0 e am?rpg ejdlher%glo%\} aﬁ((j) y.th ,[(?1 dlls'(r)f 75 Tp le8 slreurce/draln
extensions 628 and aH WI'[%I 2 initiar orphi gio A ShdThereto gpor 017 of the p-n
junctions whlchCHe[huentpaer thoTc,[ E:r&srlops Jem: nwlﬁgthge%wl]é F? g@va‘ﬂ' W ve{,,rg]ecauge the laser
activation annealing” tr ment has sighificantly’redu ed the [8cal’stress In theSe regions, stress induced
eds

Junction eakage i elOLALed RRISIHRALIRS B Fll s RS i

)} ic ‘{Jﬁ& é:oqlﬁlcts 80 are
desired or design length of the lightly doped source/drain extensions determines the
sidewall thickness which, in turn, determines the thickness of the blanket deposited

layer.

After the sidewalls 70 are formed the main source/drain regions are formed
by implanting boron and arsenic into the respective exposed silicon regions 48a and
48b respectively. The procedures for implanting the main source/drain regions are
similar to those previously applied to form the lightly doped extensions 62a and 66a.
As shown in Fig. 5E the n-channel device region 48b is protected by photoresist
pattern 72 while the p-type main source/drain regions 74 are implanted into the p-
channel device 48a. Then, as illustrated by Fig. 5F, photoresist mask 72 is stripped
and photoresist mask 76 is patterned to protect the p-channel region. The n-
channel device main source/drain regions are then implanted 77 with arsenic or

alternately, phosphorous.

The main source/drain elements are considerably deeper and extend below

the bottom of the amorphized region, indicated by the dashed line 75. The
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formed on the main source/drain regions 74 and 78 and on the gate electrodes 56a and 56b, completing
the formation of a p-channel MOSFET 90 and an n-channel MOSFET 92, together forming a CMOS pair.
Methods for forming salicide contacts are well known and widely practiced. The thermal treatment used
to form the salicide contacts also provides sufficient activation for the main source/drain regions of each
device. While {fc. s} amBodimant ofeis Invesken iz a1 ups siicensubsats nitagstype fon
implantations,”a p-type silicon substrate with n-type ion implantations “could also be ised without
departing from g concepts ibersinrodiad. I should b ythsr underplond et the subsuate

C
Ic | 5 ension
conductivity ?ype asrefirred fomerein uoes h cessarily retér to'the conduc |V|efy 5hthe sstarting wafer

but could alsro rer]e .then gg)n%tip/it i cg)nf %éiailﬁuaegv é%%ionbw(i:thliJn a twgfpr Wher%in H]oe saerpqic%mguctor devices
are incorpora?ea?l\rf\/hll IS Vertioh has bean parfi’cu?ar?y gRown a SR 98 Serence to the

a' feserd
i h f. it will b d by th killed in th hat vari h i
form and cele a) WA &G ALY ool S Thn e s SRR SRR e "
claimed is: 2j?mction leakage is meliorated.

Referring next to Fig. 5G, salicide (self-aligned silicide) contacts 80 are
formed on the main source/drain regions 74 and 78 and on the gate electrodes 56a
and 56b, completing the formation of a p-channel MOSFET 90 and an n-channel
MOSFET 92, together forming a CMOS pair. Methods for forming salicide contacts
are well known and widely practiced. The thermal treatment used to form the
salicide contacts also provides sufficient activation for the main source/drain regions

of each device.

While the first embodiment of this invention utilizes an n-type silicon substrate
with p-type ion implantations, a p-type silicon substrate with n-type ion implantations
could also be used without departing from the concepts therein provided. It should
be further understood that the substrate conductivity type as referred to herein does
not necessarily refer to the conductivity of the starting wafer but could also be the
conductivity of a diffused region within a wafer wherein the semiconductor devices
are incorporated.

While this invention has been particularly shown and described with

19



1. A method for forming for forming highly activated, ultra shallow semiconductive element of a first
conductive type embedded in a semiconductive region of a second conductive type comprising: (a)
providing a semiconductor substrate having an active region of said second conductive type; (b)
amorphizing an upper portion of said active region by ion implantation; (c) implanting an impurity of said
frst ype into.spif ARG RAC o B & Aptaling said dmpuripn feie B dRnaypg, saf spmiconductive
element of sald” second type, by pulsed laser irradiation wheéreby the fluence, pulse’duration, and pulse

frequency ol RIS TRYAIA fhaPleRALR RGNS SeRt SmacIaE GLIPL AR pArlan 1o Justbelow

but never reaching or exceeding meltin mperature of said amorpfized upper region. 2. The

method of clgj Iés i ' [ r Séﬁﬁ is silicon. 3. The method of claim 2 wherein said
first conductﬁ%atélgg e{ﬁ%@ég gajgs@ Q}al%?@g%%% de con éﬁ@g@%ﬁ'is n-type. 4. The method of claim 1
wherein said amorphizing is performed by ion implantation of germanium or silicon ions. 5. The method

of claim 4 wherein said amorphizing is performed by implanting germanium or silicon ions at a dose of
between about 1x1014 and 1x1016 ions/cm2 at an energy of between about 0.5 and 20 keV.

What is claimed is:
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6. The method of claim 1 wherein said upper portion is between about 2 and 20 nm, 21 thick. 7. The
method of claim 3 wherein said impurity of said first type is boron implanted as boron ions at a dose of
between about 5x1014 and 1x1016 ions/cm2 at an energy of between about 0.2 and 0.7 keV. 8. The
method of claim 3 wherein said impurity of said first type is boron implanted as BF2+ ions at a dose of

between gbout ' r t 0 . he
method o?l (:Iaim% %ipgﬁdéﬁo %&&ﬁi@r@é@h@ﬂ?&g g’%f?n&é%ﬁl{)}f Z%ﬁi O%%}.equ\ﬁg?lg]ena?v rF
excimer lageryRoycHarsdisHaN QN Ppatnileaseribsy@aaizoMeRIi0clrBEHA-8lpylasia?2 in pulses
of between about 10 and 40 ns. duration, applied at a repetition rate of about 1 Hz. 10. The method of
claim 9 wierslnctivedagpé @ puipeisiage applied. 11. The method of claim 2 wherein said first conductive
type is n-type and said second conductive type is p-type. 12. The method of claim 11 wherein said
impurity of®aid fRERgiedApiRisitastdustanplastetana\ibsanfamivreoioat sRItbsacand 1x1016
ions/cm2 at an energy of between about 2 and 10 keV. 13. The method of claim 11 wherein said impurity
of said first type R |¥qrﬂfﬁ§hted

(b)  amorphizing an upper portion of said active region by ion implantation;

(c) implanting an impurity of said first type into said upper portion; and

(d) activating said impurity, thereby forming said semiconductive element of said
second type, by pulsed laser irradiation whereby the fluence, pulse duration, and
pulse frequency of said irradiation is selected to raise the local temperature of said
upper portion to just below but never reaching or exceeding the melting

temperature of said amorphized upper region.
2. The method of claim 1 wherein said semiconductor substrate is silicon.

3. The method of claim 2 wherein said first conductive type is p-type and said second

conductive type is n-type.

4. The method of claim 1 wherein said amorphizing is performed by ion implantation of

germanium or silicon ions.

5. The method of claim 4 wherein said amorphizing is performed by implanting
germanium or silicon ions at a dose of between about 1x10' and 1x10'® ions/cm? at an
energy of between about 0.5 and 20 keV.

6. The method of claim 1 wherein said upper portion is between about 2 and 20 nm,
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at a dose of between about 5x1014 and 1x1016 ions/cm2 at an energy of between about 5 22 and 30
keV. 14. A method for forming a MOSFET device having ultra shallow lightly doped source/drain
extensions, comprising: (e) providing a semiconductor substrate having an active region of a first
conductive type enclosed by field isolation; (f) forming a gate oxide on said active region; (g) forming a
gate electﬁ%ﬁ on said gate oxide, thereby defining source/drain regions separated by a gate stack; (h)
amorphizing-an upper portion of said source/drain regions by ion implantation; (i) implanting a first dose
of an impurity of a second type into said upper portion; (j) forming source/drain extensions by activating
said impurity of said second type by pulsed laser irradiation whereby the fluence, pulse duration, and
pulse freguency Tiesaetroadaitoain Seldwesincsadsertperltcal taitpérsttypefshatappapfamseshds just

below but never reaching or exceeding the melting temperature of said amqrphized upper region; (k)

forming sigeRal®afbabsidesief halveriiabmd bx 1M planthld Gedong/ebseddrananasamt9fof said

second tyggtweeé%bgggﬂg[n&mg asno&{)(?g;/%:%}rl contact elements.

8. The method of claim 3 wherein said impurity of said first type is boron implanted as
BF." ions at a dose of between about 5x10'* and 1x10'® ions/cm? at an energy of between

about 5 and 30 keV.

9. The method of claim 1 wherein said pulsed laser irradiation is performed by a 248
nm. wavelength KrF excimer laser producing radiation energy at a fluence of between
about 0.1 and 0.8 Joules/cm? in pulses of between about 10 and 40 ns. duration, applied

at a repetition rate of about 1Hz.
10. The method of claim 9 wherein at least 10 pulses are applied.

11. The method of claim 2 wherein said first conductive type is n-type and said second

conductive type is p-type.

12. The method of claim 11 wherein said impurity of said first type is phosphorous
implanted at a dose of between about 5x10'* and 1x10'® ions/cm? at an energy of
between about 2 and 10 keV.

13. The method of claim 11 wherein said impurity of said first type is arsenic implanted

at a dose of between about 5x10'"* and 1x10'® ions/cm? at an energy of between about 5

22



15. The method of claim 14 wherein said semiconductor substrate is silicon. 16. The method of claim 14
wherein said amorphizing is performed by ion implantation of germanium or silicon ions. 23 17. The
method of claim 16 wherein said amorphizing is performed by implanting germanium or silicon ions at a
dose of between about 1x1014 and 1x1016 ions/cm2 at an energy of between about 0.5 and 20 keV. 18.
The meth Ho?] 6@@/14 wherein said upper portion is between about 2 and 20 nm, thick. 19. The method
of claim 15 wherein said first conductive type is n-type and said second conductive type is p-type. 20.
The method of claim 15 wherein said impurity of said second type is boron implanted as boron ions at a
dose of between about 5x1014 and 1x1016 ions/cm2 at an energy of between about 0.2 and 0.7 keV. 21.
The methad.of cléirméthot doeifosaioh gapMGeESRdesesm hd vinre usacsballowpightgddap B2+ ions at a
dose of between about 5x1014 and 1x1016 ions/cm2 at an energy of between about 5 and 30 keV. 22.
The methSEWEElSAIN £XABKMMSHAOHWESH G ser irradiation is performed by a 248 nm. wavelength KrF

excimer laser producing radiation energy at a fluence of between about 0,1 and 0.8 Joules/cmz2 in pulses
of betweeteabou RY! ﬁw&wmﬂfﬁ%o&&b{ rate having an active region of a first conductive

type enclosed by field isolation;

(f) forming a gate oxide on said active region;

(g) forming a gate electrode on said gate oxide, thereby defining source/drain regions
separated by a gate stack;

(h)  amorphizing an upper portion of said source/drain regions by ion implantation;

(i) implanting a first dose of an impurity of a second type into said upper portion;

(j) forming source/drain extensions by activating said impurity of said second type by
pulsed laser irradiation whereby the fluence, pulse duration, and pulse frequency of
said irradiation is selected to raise the local temperature of said upper portion to
just below but never reaching or exceeding the melting temperature of said
amorphized upper region;

(k) forming sidewalls alongside said gate stack; and

() implanting a second dose of an impurity of said second type thereby forming

source/drain contact elements.
15. The method of claim 14 wherein said semiconductor substrate is silicon.

16.  The method of claim 14 wherein said amorphizing is performed by ion implantation

of germanium or silicon ions.
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at a repetition rate of about 1 Hz. 23. The method of claim 22 wherein at least 10 pulses are applied. 24
24. The method of claim 15 wherein said first conductive type is p-type and said second conductive type
is n-type. 25. The method of claim 24 wherein said impurity of said second type is phosphorous
implanted at a dose of between about 5x1014 and 1x1016 ions/cm2 at an energy of between about 2

and 10 ke),, 26. lai i idl | ' id t iS arsenic_implanted at
2 ose of Ftwelnaba Banh S T MRS S0 A R S B e o0 v 27
The methgd e ghil L WesRIFRIACRERIE S ViR & mss RFIRASige 138 TR HEERIURTFaim 14
wherein said source/drain elements extend below said amorphized region 29. A method for forming a
CMOS desita ipavingetiteeshatiout ighthnda@@&eSburce/drain extensions, comprising: (j) providing a
semiconductor substrate having an n-type active region and a p-type active region, each of said active

regions enclosed by field isolation; (k) forming a gate oxide on each of said active regions; (I) forming a
first gate electrode on said gate oxide on said n-type active region.an
g 1§. eI'ﬁe meth%dI ofo c):<lla|m 4 where%psa? upper ortlonqsabetween about 2 and 20

nm, thick.

19.  The method of claim 15 wherein said first conductive type is n-type and said

second conductive type is p-type.

20. The method of claim 15 wherein said impurity of said second type is boron
implanted as boron ions at a dose of between about 5x10'* and 1x10'° ions/cm? at an

energy of between about 0.2 and 0.7 keV.

21.  The method of claim 15 wherein said impurity of said second type is boron
implanted as BF," ions at a dose of between about 5x10'* and 1x10'® ions/cm? at an

energy of between about 5 and 30 keV.

22. The method of claim 14 wherein said pulsed laser irradiation is performed by a 248
nm. wavelength KrF excimer laser producing radiation energy at a fluence of between
about 0.1 and 0.8 Joules/cm? in pulses of between about 10 and 40 ns. duration, applied

at a repetition rate of about 1Hz.

23.  The method of claim 22 wherein at least 10 pulses are applied.
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second gate electrode on said gate oxide on said p-type active region, thereby defining first source/drain
regions separated by a first gate stack on said n-type active region and second source drain regions
separated by a second gate stack 25 on said p-type active region; (m) amorphizing an upper portion of
each of said source/drain regions by ion implantation; (n) patterning a first layer of photoresist on said

wafer (o orn 2 SIAEKAM el OIS SHNG SIS soniesivein igiononisl g a s

dose of a p-type impurity into Said upper portion of said first source iping said first
blockout rgaghn A PREEEN ROt RREROAGypuer of photoresist on said wafer to form a second blockout
mask protecting said first source/drain regions; (r) implanting a first dose of an n-type impurity into said
upper portion of said second source/drain regions; (s) striping said second blockout mask; (t) forming
sidewalls alongside each of said first and second gate stacks; (u) patterning a third layer of photoresist on
said wafePfo fornT BeHngthrdied @l aimsk4 oesein§aisidniepeahdol siceseranaddyisis phosphorous

implanted at a dose of between about 5x10'* and 1x10'® ions/cm? at an energy of

between about 2 and 10 keV.

26. The method of claim 24 wherein said impurity of said second type is arsenic
implanted at a dose of between about 5x10'* and 1x10'® ions/cm? at an energy of

between about 5 and 30 keV.
27. The method of claim 14 wherein said gate electrode is formed of polysilicon.

28. The method of claim 14 wherein said source/drain elements extend below said

amorphized region

29. A method for forming a CMOS device having ultra shallow lightly doped

source/drain extensions, comprising:

() providing a semiconductor substrate having an n-type active region and a p-type
active region, each of said active regions enclosed by field isolation;

(k) forming a gate oxide on each of said active regions;

() forming a first gate electrode on said gate oxide on said n-type active region and a
second gate electrode on said gate oxide on said p-type active region, thereby
defining first source/drain regions separated by a first gate stack on said n-type

active region and second source drain regions separated by a second gate stack
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(v) implanting a second dose of a p-type impurity into said upper portion of said first source/drain regions;
(w) striping said third blockout mask; (x) patterning a fourth layer of photoresist on said wafer to form a
fourth blockout mask protecting said first source/drain regions; (y) implanting a second dose of an n-type
impurity into said upper portion of said second source/drain regions; (z) striping said fourth blockout

mask; (aa) formi eldral ents with extensions by activating said first and 26 second
OSSR,

doses of said p-type imp ahd second doses of said n-type impurity by pulsed laser
irradiation wheresm g HIvRIRCEn RIFPR IANERION oR 2t B s s Hicssiner rfr s tgRitHatRNibhselected to raise

the local temperature of said upper portion to just below but never reaching or exceeding the melting
temperature of $aiglamatipiized upper region; and (bb) forming silicide contact on each of said

source/drain contact elements and on each of said gate stacks. 30. The method of claim 29 wherein said
semicond(Itkor sDBYERENNG 2ificiiager vhehatarrRrist e AR YalReteiPEAI® diiss iRiciay isnRaformed by

ion implantation of ?ermanium or silicgn ions. . .
protecting said second source/drain regions;

(o)  implanting a first dose of a p-type impurity into said upper portion of said first
source/drain regions;

(p)  striping said first blockout mask;

Q) patterning a second layer of photoresist on said wafer to form a second blockout
mask protecting said first source/drain regions;

(r) implanting a first dose of an n-type impurity into said upper portion of said second
source/drain regions;

() striping said second blockout mask;

(t) forming sidewalls alongside each of said first and second gate stacks;

(u) patterning a third layer of photoresist on said wafer to form a third blockout mask
protecting said second source/drain regions;

(V) implanting a second dose of a p-type impurity into said upper portion of said first
source/drain regions;

(w)  striping said third blockout mask;

(x) patterning a fourth layer of photoresist on said wafer to form a fourth blockout mask
protecting said first source/drain regions;

(y) implanting a second dose of an n-type impurity into said upper portion of said
second source/drain regions;

(2) striping said fourth blockout mask;

(aa) forming source/drain contact elements with extensions by activating said first and
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32. The method of claim 29 wherein said amorphizing is performed by implanting germanium or silicon
ions at a dose of between about 1X1014 and 1X1016 ions/cm2 at an energy of between about 0.5 and
20 keV. 27 33. The method of claim 29 wherein said upper portion is between about 2 and 20 nm, thick.
34. The method of claim 29 wherein said first dose of said p-type impurity is boron implanted as boron

ons at 2 dose of heMePAGY PAINA AN IO 15/ kA seakRlEcen Ay D AN

0.7 keV. 35. Them of claim erein sa ype impurity IS boron implanhted as

BF2+ ions at a dﬁﬁﬁ&ft??}yfﬁl&@@%e’%ﬁ%ﬁ% W&é@gi%/ﬂﬂé%@é,aﬂﬁ@w&mﬁt‘é’ﬁ@%é@@m S

and 30 keV. 36. The method of claim 29 wherein said first dose of said n-type impurity is phosphorous
implanted at a désoEhevwefesambioradhaiion 4saselcltdd16 ansiame latanenpegntatd et ezic aboet 2
and 10 keV. 37. The method of claim 29 wherein said first dose of said n-type impurity is arsenic
implanted at a d@SstsT bk PalSNDSX IGYEiRRENTTN e iNeraHnatha reaking ienmeerriereaout 5

and 30 keV. 38. The method of claim 29 wherein sgid source/drain contact elements extend below said
amorphized regiéﬁ!d amorphized upper region; an

(bb) forming silicide contact on each of said source/drain contact elements and on each

of said gate stacks.
30. The method of claim 29 wherein said semiconductor substrate is silicon.

31.  The method of claim 29 wherein said amorphizing is performed by ion implantation

of germanium or silicon ions.
32.  The method of claim 29 wherein said amorphizing is performed by implanting

germanium or silicon ions at a dose of between about 1x10' and 1x10'® ions/cm? at an

energy of between about 0.5 and 20 keV.
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33. The method of claim 29 wherein said upper portion is between about 2 and

20 nm, thick.

34. The method of claim 29 wherein said first dose of said p-type impurity is
boron implanted as boron ions at a dose of between about 5x10'* and 1x10'®

ions/cm? at an energy of between about 0.2 and 0.7 keV.

35.  The method of claim 29 wherein said first dose of said p-type impurity is
boron implanted as BF," ions at a dose of between about 5x10'* and 1x10'®

ions/cm? at an energy of between about 5 and 30 keV.

36. The method of claim 29 wherein said first dose of said n-type impurity is
phosphorous implanted at a dose of between about 5x10' and 1x10'® ions/cm? at

an energy of between about 2 and 10 keV.
37. The method of claim 29 wherein said first dose of said n-type impurity is
arsenic implanted at a dose of between about 5x10'* and 1x10'® ions/cm? at an

energy of between about 5 and 30 keV.

38. The method of claim 29 wherein said source/drain contact elements extend

below said amorphized region.

28



