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We carried out molecular dynamics simulations of monatomic B and octadecaborane cluster implantations
into Si. We obtained and analyzed the doping profiles, lateral straggling and the damage amount and morphol-
ogy produced within the target, as well as its annealing behavior. Our simulation results indicate that the use
of octadecaborane clusters for the fabrication of ultrashallow junctions shows several advantages with respect
to monatomic B beams, mainly related to target self-amorphization which reduces channeling and the amount
of residual damage at the end of range.
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Boron ion implantation has traditionally been used for the
fabrication of ultrashallow junctions �USJs� in metal-oxide-
semiconductor field-effect transistor �MOSFET� devices.1

But as implant energies are scaled down for each new device
generation, monatomic B implantation shows several short-
comings, mainly related to production throughput and ion-
beam, high-energy contamination.2 The implantation of B
clusters has been proposed as an alternative to overcome
these drawbacks. The use of decaborane �B10H14� has been
investigated for more than a decade.3–5 However, this option
has not been viable until very recently due to limitations in
the source and vapor delivery systems. These problems have
been solved by the development of new implantation
equipment2 using octadecaborane �B18H22� as the source.
This molecule delivers on each ion impact almost double the
number of B atoms as in the case of decaborane. Recently,
promising results have been obtained using this equipment
for the fabrication of MOSFET devices with gate lengths of
60 nm.6

When manufacturing USJs it is necessary to control not
only the dopant profile, but also the damage amount obtained
after implantation. The subsequent anneal needed to activate
dopants and recombine lattice defects is a highly transient
process governed by the diffusion and complex interactions
of these two. In particular, interstitial defects produce the
so-called B transient enhanced diffusion �TED�, which alters
junction depth.7 The amount of TED depends mainly on the
net excess of Si interstitial defects, also known as the “plus
factor,” and their proximity to the target surface.8,9 For these
reasons it is of fundamental importance to fully characterize
the damage amount and morphology produced by octade-
caborane implantation. Molecular dynamics �MD� is the
most appropriate simulation technique to do such character-
ization. It provides an atomistic description of the implanta-
tion process that includes the multiple interactions needed to
adequately describe the many-body effects present during
cluster implants.10 While this kind of study has already been
carried out for decaborane,4,5 this is not the case for octade-
caborane.

We carried out MD simulations of monatomic B and oc-
tadecaborane cluster implantations into Si in order to make a

comparative study and so determine the advantages and
drawbacks of each approach with respect to USJ fabrication.
We have paid special attention to the characterization of gen-
erated damage. We have used the Tersoff potential11,12 to
describe the Si-Si, B-B, and Si-B interactions, splined to the
universal potential13 at short distances to correctly reproduce
the high-energy collisions. Since H diffuses out of Si at low
temperatures,14 and in order to have direct comparison with
the monatomic B implantations, we have not considered the
H atoms in our simulations. Electronic stopping is modeled
using a frictional force acting on atoms with energies higher
than 10 eV.15 We solved the classical equations of motion
using the fourth-order Gear predictor-corrector algorithm.16

In our simulations we have used Si targets consisting of
32 000 atoms for monatomic B implantations and 600 000
for B18 cluster implantations, at an initial temperature of 0 K.
Using these sizes guarantees that the full cascades are con-
tained. Simulation cells are bounded by two �100� planes in
the X direction and by four �110� planes in the Y and Z
directions. Ions are implanted along the X direction with nor-
mal incidence on the �100� Si free surface. The two bottom
layers are held fixed and periodic boundary conditions are
applied in lateral directions. To have good enough statistics,
we have carried out 1000 simulations of monatomic B im-
plants and 56 of B18 cluster implants. Ion impact points are
randomly chosen along the target surface for monatomic B
implants. In the case of cluster implants, B atoms are initially
set according to the octadecaborane molecule geometry,17

with random rotations around the three molecular axes. Ev-
ery B atom has an initial energy of 500 eV, a typical value
used in modern USJ fabrication.6 Each implantation event is
simulated until the maximum kinetic energy present in the
system falls below 0.5 eV, which assures no further damage
generation.

To identify the damage resulting from the implantation
simulations we have used a method based on the time aver-
age of atom coordinates that allows the elimination of ther-
mal vibrations.18 Averaged configurations are compared with
the perfect lattice: if an atom is closer than 0.7 Å to a lattice
site, the atom is associated with that site, otherwise it is
labeled as “displaced.” Analogously, lattice sites with no as-
sociated atom are labeled as “empty.” In order to make a
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statistical and morphological study of the damage we have
grouped displaced atoms �DAs� and empty lattice sites �ESs�
within a first-neighbor distance. Each group of neighboring
DAs and ESs forms a defect complex, with a size determined
by the DA number, and type given by the net number of
atoms �DAs minus ESs�. Defects with more DAs than ESs
are of interstitial �I� type, and defects with more ESs than
DAs are of vacancy �V� type. For example, with this crite-
rion to define damage a single vacancy would be identified
as a defect with zero DAs and one ES, a dumbbell interstitial
as a defect with two DAs and one ES, and an extended
interstitial as a defect with four DAs and three ESs.18

Figure 1�a� shows the damage created by a typical 500 eV
monatomic B cascade. Often the ion gets channeled deep
into the target. Damage consists of point defects and small
disordered zones, in agreement with MD results obtained by
other authors.12,19 On average, each monatomic B cascade
produces only 32±14 DAs. Figure 1�b� shows the typical
damage created by a B18 cluster implant. For B18 implants,
apart from some point defects, there is a large amorphous
zone generated around the cluster impact point. The average
number of DAs per implanted B atom is 108±8, more than
three times the number obtained in monatomic B implants. A
closer look reveals that the amorphous zone is in fact a cra-
ter; a large empty volume surrounded by disordered material
with the typical rim or hump on the target surface, as can be
seen in the inset of Fig. 1�b�. It is worth noting that, on
average, 70% of the implanted B atoms end up within these
amorphous regions around craters.

The obtained B profiles, represented in Fig. 2�a�, compare

very well with experiments.6 There are two significant dif-
ferences between the B profiles. The first one is that there are
more dopants close to the target surface in the cluster case,
due to B atoms that end up attached to crater rims. The
second difference appears at the end of range, where B con-
centration is higher in the monatomic case due to channeling.
Self-amorphization produced during cluster implantation
minimizes channeling at the expense of increasing the lateral
straggling �similar to monatomic B implanted into preamor-
phized Si�, as can be seen in Fig. 2�b�. In the monatomic
case, the maximum in the lateral straggling profile is around
0.7 nm, while in the cluster case it is almost double that
value, 1.3 nm. Nevertheless, the distribution tails are very
similar, which implies a steeper lateral profile in the cluster
case. This lateral distribution guarantees a proper undergate
overlapping of the source and drain regions in MOSFET
devices, and the improved abruptness is also beneficial for
the sheet-resistance specifications.

Average damage profiles produced per implanted ion are
displayed in Fig. 3. In the monatomic case the DA profile is
higher than the ES profile, except for the target near-surface
zone. This is a direct consequence of how damage is created.
As is well known,12,19 the B ion produces a cascade where it
continuously loses its energy through interactions with the
target Si atoms, often generating recoils. Recoils leave small
V complexes close to the target surface and generate I com-
plexes where they stop after completely losing their energy.
In the case of B18 implantations the total amount of created

FIG. 1. �Color online� Lateral snapshots showing the typical
damage configurations obtained after �a� monatomic B and �b� B18

cluster implantations. Solid lines indicate B atom trajectories. Inset
in �b� is a 12-Å-thick slice taken around the cluster impact point
clearly showing the generated crater.

FIG. 2. Boron depth profiles �a� and lateral
straggling �b� per implanted B atom for mon-
atomic B �gray� and B18 �black� implantations.
Symbols represent MD data and lines are to guide
the eye.

FIG. 3. Relative concentration profiles of DA �solid lines� and
ES �dashed lines� per implanted B atom obtained for monatomic
�gray� and cluster �black� implantations. Calculated plus factors are
also shown.
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damage is much larger up to a depth of around 5 nm, which
corresponds to the formation of amorphous regions around
the cluster impact point. There is a net excess of ESs close to
the target surface, due to the presence of craters. The large
DA amount beyond the surface is a consequence of crater
rims. The mechanisms of damage generation are totally dif-
ferent from in the monatomic case and are related to the
simultaneous deposition of energy carried by cluster B atoms
on the surface region close to the impact point.10 The tem-
perature in this zone increases above the melting point caus-
ing a crystal-to-liquid transition, similar to the one observed
in heavy-ion implantations.19 Four picoseconds after cluster
impact the liquid core starts transforming into amorphous
material due to the fast temperature drop caused by heat
dissipation throughout the target. This thermal spike regime
also produces a significant enhancement in the sputtering
yield �see Table I� due to surface destabilization as a conse-
quence of the temperature increase. However, it is notewor-
thy that at depths above 7 nm there is more damage in the
monatomic case, related to channeled boron.

Figure 4 shows the relative appearance frequency of each
defect type, characterized by its size �number of DAs� and its
net number of atoms. In the monatomic case damage is in the
form of small point defects �number of DAs below 10�, most
of which are single self-interstitials and small bond defect
complexes20 without an excess or deficit of atoms with re-
spect to the perfect lattice. There are also single vacancies
and di-interstitials, but these appear much less frequently. In
the case of cluster implantations, most DAs are in large de-
fect complexes with a size around 2000. These DA com-
plexes are the craters created by the cluster ion impact,
which appear as large V defects due to our method of iden-
tifying damage. There are also a few point defects, which are
generated by B atoms and recoils that escape from the amor-
phous zones surrounding craters.

From the statistical analysis of damage obtained in B18
cluster implants we have estimated the extension of the
amorphous layer that would be created with typical implan-
tation parameters. Amorphous zones surrounding craters are
cylindrical with an average diameter of 4 nm from the sur-
face to a depth of 3 nm, and conical from 3 nm to around
5 nm below the surface �see Fig. 1�b��. Taking into account
that each cluster delivers 18 B atoms, the estimated equiva-
lent B dose to fully amorphize the target surface is 1.4
�1014 cm−2, which is 70 times lower than the dose needed
in monatomic B implantation.1 The created amorphous layer
would be around 3 nm thick. For a dose of 1015 cm−2, a
value routinely used to fabricate USJs, the amorphous layer
would extend up to a depth of 5 nm.

Typical annealing conditions cannot be directly simulated
using MD techniques since the required time scales are not

affordable. However, annealing simulations can be per-
formed by setting the temperature as high as possible to ac-
celerate system dynamics �T=2200 K, 200 K below the
melting temperature within the Tersoff model of Si�. As an
example, in Fig. 5 we show three snapshots taken during the
damage annealing obtained after a B18 implant simulation.
The underlying crystal substrate serves as a seed for the re-
crystallization process. At the end, the amorphous region has
recrystallized completely, the crater and the rim have disap-
peared. Only point defects outside the initial amorphous zone
remain after annealing. B atoms inside the amorphous zone
are not swept by the amorphous/crystal interface, and even-
tually are incorporated into substitutional positions. In the
case of damage created by monatomic B, only bond defect
complexes disappear during the same annealing conditions.
The remaining point defects, single self-interstitials, di-
interstitials and single vacancies, which are highly mobile
species, will recombine with each other leaving behind only
the excess Si interstitials near the end-of-range region.

The amount of TED that would be obtained during ther-
mal treatments can be estimated by the plus factor calcula-
tion, defined as the total net component of defect complexes
inside the target, DA profile minus ES profile of Fig. 3. For a
typical B dose of 1015 cm−2 amorphization does not occur in
the monatomic case, and the plus factor is given by the in-
tegral of the net damage from the surface. The obtained
value is +0.4, consistent with the +1 model21 �1−YS−YB�.
Boron and self-interstitials coexist in the same region which

TABLE I. Sputtering �YS� and backscattering �YB� yields ob-
tained in our MD simulations of B and B18 implants.

YS YB

B 0.50 0.10

B18 0.85 0.08

FIG. 4. Relative frequency of appearance of each defect com-
plex type, as a function of its number of DAs and its net number of
atoms, for �a� monatomic and �b� cluster implantations. The sum of
all frequencies gives the average number of DAs per implanted B
atom. Defects on the right of the dashed line are I-type and V-type
complexes on the left.
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favors the formation of B-I clusters responsible for electrical
deactivation.22 The complete reactivation requires a high
thermal budget which is accompanied by significant diffu-
sion. Preamorphization followed by solid-phase epitaxial re-
growth provides a better activation with lower thermal
budgets.23 In the cluster implantation case, a 5 nm continu-
ous amorphous layer is formed. Its recrystallization leaves no
defects below the initial amorphous/crystal interface posi-
tion, and the plus factor is calculated by the integral of the
damage from that position. The obtained plus factor is only
+0.1, indicating less TED than in the monatomic case. In
addition, cluster implants can take advantage of the higher
activation level during solid-phase epitaxial regrowth with-
out the need of a preamorphization implant step. These are
promising results, although it is necessary to point out that
they have to be considered in the framework of our simula-
tions, where some approximations have been assumed: the

use of semiempirical potentials to describe atomic interac-
tions, the fact that H atoms have been ignored, and also that
annealings have been carried out at very high temperatures.

In conclusion, we carried out MD simulations of mon-
atomic B and B18 cluster implantations into Si. We obtained
the profiles of generated damage, implanted boron, and lat-
eral straggling, and analyzed the mechanisms of damage for-
mation and annealing. We demonstrated that the use of B18
clusters to fabricate USJs shows several advantages with re-
spect to monatomic B beams, such as self-amorphization
which reduces channeling and improves activation. The
formed amorphous layer is very shallow and therefore the
remaining end-of-range defects are very close to the surface,
which requires lower thermal budgets for their anneal.
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FIG. 5. �Color online� Lateral snapshots taken during annealing at T=2200 K of one of the samples implanted with a B18 cluster.
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