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Control of transient enhanced diffusion of boron after laser thermal
processing of preamorphized silicon
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In this article we report the role of excess interstitials in the end-of-range region in transient
enhanced diffusion of boron during annealing of laser-processed samples. The results show that
although the amorphous layer in preamorphized silicon can be completely annealed by laser
irradiation, the end-of-range damages were not sufficiently annealed. The end-of-range region
contains a supersaturation of interstitial defects that enhance the diffusion of boron during a
post-laser processing anneal. It is found that the transient enhanced diffusion is significantly
suppressed when the melt depth is extended beyond the amorphous layer such that the interstitial
dose in the region adjacent to the laser-melted layer is minimized. In this way, the abruptness of
laser-processed ultrashallow junctions can be maintained upon further annealing at moderately high
temperatures. Cross-sectional transmission electron microscopy shows that a virtually defect-free
regrown layer is obtained by overmelting beyond the amorphous layer into the substrate. ©2002
American Institute of Physics.@DOI: 10.1063/1.1491278#
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I. INTRODUCTION

With the continual scaling of the lateral dimensions
metal–oxide–semiconductor field-effect-transistors~MOS-
FETs!, the formation of ultrashallow junctions becomes
critical issue in semiconductor processing. Stringent con
on the lateral and vertical diffusion of the junctions is ne
essary to prevent undesirable effects such as punchthr
and short channel effects, which increase the subthres
leakage current of the devices.1,2 Traditionally, junction scal-
ing is achieved using ion implantation and rapid thermal
nealing ~RTA! with ever-decreasing implantation energi
and/or thermal budgets.3,4 These approaches, however, ha
become increasingly complex and do not produce juncti
with the ideal box-shaped profiles that can meet the requ
ments of the international technology road map
semiconductors.5 Moreover, during the postimplantation an
neal of p1/n junctions, there is a high tendency that t
boron atoms will experience anomalous diffusion~which
broadens the dopant profile! due to transient enhanced diffu
sion ~TED!,6 boron enhanced diffusion,7 and oxygen en-
hanced diffusion.8 Fortunately, TED of boron~in the absence
of a preamorphized layer! is almost eliminated by reducin
the implantation energy to the sub-keV regime such t
there is a corresponding increase in the annihilation
implantation-induced interstitials at the silicon surface.9
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One proposed approach for circumventing some of th
problems is the use of laser thermal processing~LTP!, which
has a ‘‘near-zero’’ thermal budget and is able to form high
activated and abrupt ultrashallow junctions.10 The LTP pro-
cess typically involves the preamorphization of the silic
surface by implanting Ge1 or Si1, followed by the melting
of the amorphized regions without melting the underlyi
substrate.10,11 This can be achieved because amorphous
con (a-Si) melts at a temperature that is 200650 °C lower
than the melting point of crystalline Si (c-Si).12 In this way,
a process margin is created since there is a;15% fluence
window whereby the melt depth does not increase furt
with an increase in fluence.11 Thus the final junction depth
would be defined by the preamorphization depth. Howev
there are some concerns on the formation of extended de
after laser melting and recrystallization.13,14 After the
preamorphizing implantation~PAI!, where the ion implanta-
tion dose is sufficiently high to produce a continuous am
phous layer, there exists a highly damaged region in the c
talline material just beyond the amorphous/crystalline (a/c)
interface. It is well-established that this end-of-range~EOR!
damaged region contains a supersaturation of interst
point defects created during implantation.15 During subse-
quent thermal annealing, these interstitials are released
diffuse toward the surface and into the substrate, and m
precipitate into type II extended defects.16 This release of
excess interstitials during annealing causes the enhanced
fusivity of dopant atoms~such as B and P! which diffuse
either principally or in part by an interstitial~cy! mechanism
in silicon.8 Previous studies have shown that the density

n-
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1345J. Appl. Phys., Vol. 92, No. 3, 1 August 2002 Chong et al.
defects after LTP can be reduced by optimizing the dose
of the PAI or by performing a very low temperature anne
prior to LTP to smoothen thea/c interface.14 In this article
we report the role of the excess interstitials in the EOR
gion in the transient enhanced diffusion of boron during
post-LTP anneal. A method based on melting beyond
amorphous layer during the initial LTP step was found to
effective in controlling boron TED during a post-LTP anne

II. EXPERIMENT

Ultralow energy11B1 implantation was performed o
200 mm n-type Si ~100! wafers at 1 keV to a dose of 1
31015/cm2. Prior to B1 implantation, the wafers were
preamorphized with either Si1 or Ge1 implantation. Si1 was
implanted at 10 keV to a dose of 331015/cm2 to produce an
amorphous layer;350 Å thick. Ge1 was implanted at 5 keV
to a dose of 131015/cm2 to produce an amorphous laye
;116 Å thick. The samples were then irradiated with a 2
nm KrF laser with a pulse duration of approximately 23 n
Dopant profiles were analyzed by secondary ion mass s
trometry ~SIMS! using a Cameca IMS 6f instrument. A pr
mary beam of O2

1 ions with a beam current of 20 nA and
net energy of 1 keV was scanned over an area of 2503250
mm2. The primary ions impinged upon the surface at an

FIG. 1. Comparison of as-implanted 1 keV boron profiles obtained fr
SIMS with simulated profiles fromIMSIL andTRIM. ~a! in crystalline Si and
~b! in amorphous Si.
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cident angle of 56°, with respect to the surface normal. S
ondary ions were collected from the central region~30 mm in
diameter! of the sputtered crater. Samples for cross-sectio
transmission electron microscopy~XTEM! were prepared by
standard procedures such as polishing and subsequen
milling. The XTEM images were obtained using a transm
sion electron microscope operating at 200 kV. Rutherfo
backscattering spectrometry~RBS! was carried out using 2
MeV He1 ions and backscattered particles were detected
scattering angle of 160°. Channeling RBS was performed
aligning the incident beam with thê100& axis of silicon. In
this work, simulations of detailed implantation cascad
were performed with the Monte Carlo simulator, transport
ions in matter~TRIM!,17 and the binary collision code implan
simulator~IMSIL!.18

III. RESULTS AND DISCUSSION

A. Validation of IMSIL

In order to check the validity of the binary collision cod
IMSIL, we compare the as-implanted boron profiles inc-Si
anda-Si that were obtained from SIMS with simulated pr
files from IMSIL andTRIM ~Fig. 1!. In all cases, the tilt angle
and the dose of the boron ion implantation is 0° and
31015/cm2, respectively. For the simulation of a 1 keV B1

implant intoa-Si usingIMSIL, the thickness of thea-Si layer
on c-Si was assigned to be 350 Å. This corresponds appr
mately to the thickness of the amorphous layer created by
331015/cm2, 10 keV Si1 PAI ~refer to Fig. 2!. It should be
noted that theTRIM profiles in Figs. 1~a! and 1~b! are the
same since there is no option to specify the crystallinity
the substrate inTRIM. In order to have a better fit of theIMSIL

results with the actual SIMS profile, a native oxide layer~17
Å thick! was taken into account for the simulation of 1 ke
B1 implantation into~100! c-Si. From Fig. 1, it is clear that
the shapes of theIMSIL ‘‘profiles’’ ~histograms! resemble
closely that of the experimental SIMS profiles for bothc-Si
and a-Si substrates. On the other hand, theTRIM profile
drops off sharply at a depth of;2.2Rp , probably due to the

FIG. 2. Cross-sectional transmission electron micrograph of a sample
was preamorphized with 331015/cm2, 10 keV Si1.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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1346 J. Appl. Phys., Vol. 92, No. 3, 1 August 2002 Chong et al.
fact that the simulation code forTRIM is applicable only to
amorphous targets or random directions of a crystal
target.19 The excellent agreement between the simulated
measured profiles for the 1 keV B1 implant validates the use
of IMSIL for the simulation of collision cascades during io
implantation into silicon.

B. Simulations of implantation cascades

In light of the previous section, we usedIMSIL to simu-
late the detailed implantation cascades of the 331015/cm2,
10 keV Si1 PAI into c-Si, and the results are shown in Fi
3. The net profile of the excess interstitials~EI! is obtained
by subtracting the total number of vacancies from the to
number of interstitials that were generated during implan
tion. It can be seen that the EI profile mimics the simula
as-implanted Si profile, suggesting that the distribution
interstitials somewhat follows the ‘‘11’’ model, where it is
assumed that each implanted ion gives rise to one ex
interstitial during annealing.20 As a comparison, the Si ion
distribution profile obtained fromTRIM is also included in
Fig. 3. As expected, there is a discrepancy between theIMSIL

and TRIM profiles, especially near the tail of the implan
Since the PAI layer covers the entire boron profile, it is ge
erally accepted that the ‘‘vacancies’’ and ‘‘interstitials’’ th
were generated by the 1 keV B1 implant do not really exist
in the amorphous layer. However, the distribution of exc
interstitials induced by the boron implantation can still
extracted fromIMSIL, and it is found that these EI are con
fined within the amorphous layer. Hence, for this sample,
excess interstitials in the EOR region that will affect bor
TED during the post-LTP RTA is solely contributed by th
Si1 implantation.

C. Enhanced diffusion of boron during post-LTP RTA

Figure 4 shows the SIMS depth profiles of boron af
LTP at different fluence and after a post-0.6 J/cm2 LTP RTA
at 825 °C for 30 s. The thermal budget of this RTA is simi
to that of a conventional silicidation process in MOSFE

FIG. 3. Simulated profiles of the distribution of ions and excess interstit
for the 331015/cm2, 10 keV Si1 PAI ~as obtained fromIMSIL andTRIM!.
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fabrication. It can be observed that near step-like dopant p
files are obtained directly after LTP. This is due to the me
ing of the surface regions by the laser irradiation. Since
liquid-phase diffusivity of B in Si is about eight orders o
magnitude higher than its solid state diffusivity,10 the boron
atoms diffuse to the maximum melt depth instantaneously
form an abrupt junction. The slight deviation from abru
junction behavior in Fig. 4 can be attributed to three facto
~i! limited depth resolution of the SIMS instrument,~ii ! spa-
tial inhomogeneity of the laser beam, and/or~iii ! a nonabrupt
a/c interface that was created by the Si1 PAI. The junction
depth is thus regarded as the maximum melt depth, wh
can be defined as the depth that marks a drastic change i
slope of the concentration profile; this corresponds to;362
Å in Fig. 4. The result indicates that the melt front ha
propagated through the entire amorphous layer, stoppin
the originala/c interface.

However, when this sample is subjected to a post-L
anneal at 825 °C for 30 s, there is an appreciable shift in
boron profile~Fig. 4!. For example, at a concentration of
31018/cm3, the junction depth has shifted inward by;260
Å after RTA. This corresponds to a diffusion length (A2Dt)
that greatly exceeds the equilibrium diffusion length of;8 Å
predicted using Fair’s value for the intrinsic diffusivity o
boron.21 The source of this anomalous diffusion is the sup
saturation of interstitials in the EOR region. By integratin
the EI profile in Fig. 3~for the region;200 Å beyond the
preamorphization depth!, the dose of interstitials in the EOR
region is calculated to be;3.931014/cm2. At this dose, ac-
cording to the ‘‘phase diagram’’ for$311% behavior by Stolk
et al.,6 $311% defects and EOR loops are expected to
formed during the initial~ramp-up! stage of the annealing
process. Upon further annealing, the unstable$311% defects
dissolve while the EOR loops grow into more stable stru
tures. When the$311% defects dissolve, they release exce
interstitials for TED. However, TED of boron has been o
served to occur in the absence of$311% defects,22 so there

sFIG. 4. SIMS depth profiles of boron after LTP at different fluence and a
a post-LTP~at 0.6 J/cm2! anneal. Transient enhanced diffusion of boron
observed after the post-LTP anneal. The preamorphizing condition wa
31015/cm2, 10 keV Si1.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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may be more than one source of interstitials for boron TE
At this moment, a detailed understanding of the evolution
defects during a post-LTP anneal is still lacking.

D. Recrystallization of the preamorphized layer

The channeled backscattering spectra of the1

preamorphized sample before and after laser annealing
shown in Fig. 5. The random and channeled backscatte
spectra of a virgin~100! silicon sample are also shown fo
reference. The random spectra of the preamorphized
laser-annealed samples are almost identical to that of
virgin sample and are not shown. From Fig. 5 it can be s
that the intensity of the silicon surface peak for the pream
phized sample is greater than that of virgin~100! silicon,
indicating the presence of substantial damage in the sur
regions of the preamorphized sample. However, there
reduction in the intensity of the Si surface peak for t
preamorphized sample after a low-fluence anneal at 0
J/cm2. This reduction becomes more significant when
sample was exposed to laser irradiation at 0.6 J/cm2. In fact,
the channeled RBS spectrum for the latter sample virtu
coincides with the spectrum for the virgin sample, indicati
that the preamorphized layer has been completely anne
with a single-pulse laser anneal at 0.6 J/cm2.

The extent of recrystallization can be determined
computing the value for the minimum yield,xmin , which is
the ratio of the integral of the channeled spectrum to
integral of the random spectrum.23 In this case, the area un
der consideration is the area under the curve between c
nel 120 and 130~Fig. 5!. As evident from Table I, thexmin of
the 0.6 J/cm2 laser-annealed sample is comparable to tha
virgin ~100! Si substrate, revealing that the amorphous la
has indeed recrystallized to single crystalline~100! Si. How-
ever, it should be mentioned that this laser-regrown la
may contain residual defects such as microtwins and st
ing faults13 that are not detected by RBS. Similarly, EO
defects cannot be easily detected using this techniq
Hence, although the preamorphized layer was completely

FIG. 5. Random and channeled backscattering spectra of a virgin~100!
silicon sample and the Si1 preamorphized sample before and after la
annealing.
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nealed, the EOR damages were not sufficiently annealed
the nanosecond laser irradiation~as indicated by the boron
TED during the post-LTP anneal!.

E. Control of boron TED during post-LTP anneal

In order to suppress boron TED during post-LTP anne
ing, it may be necessary to extend the melt depth to bey
the amorphous layer~overmelting! such that the interstitia
dose in the region adjacent to the laser-melted layer is m
mized. We term this region as the ‘‘next to end-of-rang
~NEOR! region ~refer to Fig. 6!. Preferably, the EI dose in
the NEOR region~defined as;200 Å beyond the melt
depth! should be less than the threshold dose for$311% for-
mation, which is;531012/cm2.24 From the process margin
standpoint, overmelting into the substrate is rather unde
able but this is one alternative to minimize TED after LT

r

FIG. 6. Schematics showing the effect of melt front position on TED cau
by EOR defects.~a! Melt front stops at the formera/c interface.~b! Melt
front penetrates into the NEOR region.

TABLE I. Calculated xmin values for the as-implanted sample, lase
annealed samples, and the virgin silicon sample.

Sample xmin ~%!

Preamorphized 20.54
After LTP at 0.32 J/cm2 10.95
After LTP at 0.6 J/cm2 3.32
Virgin ~100! Si 3.43
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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1348 J. Appl. Phys., Vol. 92, No. 3, 1 August 2002 Chong et al.
This is because EOR damage cannot be avoided if a PA
performed. It is important to note that the melt depth can s
be controlled primarily by the laser fluence. Figure 7 is a p
of the simulated interstitial dose in the NEOR region~for the
10 keV Si1 PAI sample! as a function of melt depth. It is
assumed that the laser-melted Si recrystallizes into a go
quality crystal such that the excess interstitials~if any!
trapped in the regrown crystal do not have a significant
fluence on the boron TED during subsequent anneal. Fig
7 shows that the laser needs to melt at least 630 Å of S
achieve an EI dose less than 531012/cm2 in the NEOR re-
gion. This would result in a concentration profile similar
that of the 0.78 J/cm2 laser-processed sample shown in F
4. Unfortunately, such a deep junction may have adve
effects on the performance of short-channel devices. Mo
over, it can be seen from Fig. 4 that after LTP, there is
slight decrease in boron concentration at the maximum m
depth. The boron atoms are not uniformly distributed with
the melted layer due to the insufficient melt duration dur
LTP.

Therefore we propose to use a PAI of a lower do
and/or implantation energy to produce a shallower am
phous layer to control TED without compromising the fin
junction depth. Preamorphization of silicon is still necess
in order to prevent channeling~as evident from Fig. 1! and to
lower the threshold laser fluence that is required to melt
Si substrate. The second point is illustrated in Fig. 8, wh
the simulated ratio of the threshold fluence (Eth) needed to
melt thea-Si surface orc-Si just beneath the PAI layer t
the threshold fluence required to meltc-Si alone (Emelt) is
plotted against preamorphization depth. These results w
obtained using a laser melting simulation program.25 For a
PAI depth of 116 Å, theEth needed to melt thea-Si surface
is reduced by;40% while theEth required to meltc-Si just
beneath the PAI layer is;90% of Emelt. The XTEM micro-
graph of the sample preamorphized with 131015/cm2, 5 keV
Ge1 PAI is shown in Fig. 9. It is observed that the Ge1 PAI
has created an amorphous layer;116 Å thick. Figure 10
shows the simulated profiles of the implantation cascade

FIG. 7. Plot of the simulated interstitial dose in the NEOR region~for the 10
keV Si1 PAI sample! as a function of melt depth.
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131015/cm2, 5 keV Ge1 PAI into c-Si. It can be seen tha
the boron profiles~both IMSIL and SIMS! are similar to that
of the 10 keV Si1 PAI sample~as shown in Fig. 1!, suggest-
ing that this shallow amorphous layer is adequate to prev
significant channeling. Apparently, this boron profile is n
completely contained within the amorphous layer created
the 5 keV Ge1 PAI. Thus, in this case, the excess interstitia
generated by the 1 keV B1 implant~beyond the 116 Å amor-
phous layer! will also affect TED during subsequen
annealing.26

Figure 11 shows the simulated interstitial dose in t
NEOR region~for the 5 keV Ge1 PAI sample! as a function
of melt depth, taking into account the EI that were genera
by the 1 keV B1 implant. It can be inferred that for mel
depths greater than 245 Å, the interstitial dose in the NE
region would be less than 531012/cm2. Hence it is expected
that boron TED~especially enhanced diffusion arising fro

FIG. 8. Comparison of the simulated threshold fluence that is needed to
an a-Si surface orc-Si just beneath the PAI layer to the threshold fluen
that is required to meltc-Si at varying preamorphization depth.

FIG. 9. XTEM micrograph of a sample that was preamorphized with
31015/cm2, 5 keV Ge1.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the dissolution of$311% defects! will be minimized for such
melt depths. The SIMS profiles of boron~implanted into the
Ge1 PAI sample! after LTP at 0.52 J/cm2 and post-LTP RTA
at 825 °C for 30 s are shown in Fig. 12. The maximum m
depth is estimated to be 280 Å, corresponding to an inte
tial dose of;2.731012/cm2 in the NEOR region~refer to
Fig. 11!. Furthermore, it is observed that at a concentrat
of 131018/cm3, the junction has shifted only by;30 Å
during the post-LTP anneal. As the extent of boron diffus
is rather insignificant, the junction maintains its abruptn
after the post-LTP anneal. This implies that TED can be s
pressed by overmelting into the substrate, consistent with
hypothesis. The absence of TED also suggests that
amount of ‘‘quenched-in’’ interstitials in the recrystallize
silicon ~which can act as a source of interstitials! is negli-
gible. This is probably due to the near-perfect liquid pha
epitaxial regrowth of the melted layer, as shown in an ear
study.27 The proposed mechanism on the control of bor

FIG. 10. SIMS profile of boron and simulated profiles of boron ions a
excess interstitials that were generated by a 1 keV B1 implant and a 5 keV
Ge1 PAI.

FIG. 11. Plot of the simulated interstitial dose in the NEOR region~for the
5 keV Ge1 PAI sample! as a function of melt depth.
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TED during a post-LTP anneal is depicted in Fig. 6~b!. It
shows that for a shallower PAI layer, the melt front can e
ily penetrate into the NEOR region with a melt depth co
parable to that of the deep PAI case, thus reducing the d
of interstitials that can contribute to TED during further a
nealing. A high resolution XTEM lattice image of the 5 ke
Ge1 preamorphized sample after laser annealing at 0
J/cm2 is shown in Fig. 13. It can be observed that the las
regrown layer is virtually defect-free and does not cont
any microtwins or stacking faults, as opposed to what mi
be expected in the absence of overmelting.13

IV. CONCLUSIONS

In summary, we have shown that although the am
phous layer in preamorphized silicon can be completely
nealed by the nanosecond laser irradiation, the EOR dam
were not sufficiently annealed. These EOR defects in t

FIG. 12. SIMS profiles of boron~implanted into the Ge1 PAI sample! after
LTP at 0.52 J/cm2 and after a post-LTP RTA. Overmelting into the substra
eliminates boron TED.

FIG. 13. High resolution XTEM lattice image of the 5 keV Ge1 preamor-
phized sample after laser annealing at 0.52 J/cm2. The laser-regrown layer is
virtually defect-free.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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1350 J. Appl. Phys., Vol. 92, No. 3, 1 August 2002 Chong et al.
can cause boron TED during a post-LTP anneal. Since E
damages cannot be avoided if a PAI is performed, the m
depth should be extended to beyond the amorphous lay
minimize the dose of interstitials in the NEOR region. W
have demonstrated that by using a shallower PAI la
~where channeling is still prevented!, the melt front can eas
ily penetrate into the NEOR region with a melt depth that
comparable to that of the deep PAI case. In this way, eve
the initial boron profile is not completely contained with
the amorphous layer, TED can be significantly suppres
and the junction maintains its abruptness after the post-
anneal. It is found that overmelting into the substrate ensu
a virtually defect-free regrown layer with a negligib
amount of quenched-in interstitials.
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