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2Laboratoire d'Analyse et d'Architecture des Systèmes, Centre National de la Recherche Scientifique,
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Ultrafast laser annealing of ion implanted Si has led to thermodynamically unexpected large f001g self-
interstitial loops, and the failure of Ostwald ripening models for describing self-interstitial cluster growth.
We have carried out molecular dynamics simulations in combination with focused experiments in order to
demonstrate that at temperatures close to the melting point, self-interstitial rich Si is driven into dense
liquidlike droplets that are highly mobile within the solid crystalline Si matrix. These liquid droplets grow
by a coalescence mechanism and eventually transform into f001g loops through a liquid-to-solid phase
transition in the nanosecond time scale.
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Defects in semiconductors appear as a side effect of
processing or operation, and their presence has important
technological implications (increased leakage currents,
carrier mobility degradation, enhanced dopant diffusivity
…) [1]. Particularly in Si, there has been substantial
experimental [2–7] and theoretical [8–14] work aimed at
unraveling both the structure and properties of defects and
their interaction with dopants. It is now well accepted that
ion implantation generates a large self-interstitial (I)
supersaturation, and that I’s tend to aggregate in defect
clusters that follow an Ostwald ripening (OR) process
driven by the reduction of defect formation energies [8].
OR implies that clusters are immobile, and they evolve
through atomic exchange of small mobile particles, emitted
from and captured by clusters with a net balance such that
less energetic defects (generally large ones) grow at the
expense of the more energetic defects (generally smaller
ones) [15,16]. For small clusters there is not a clear
monotonic reduction of energy with cluster size, but rather
there are evidences of the existence of “magic numbers,”
i.e., very stable cluster configurations of specific sizes
[4,12,17]. For large clusters, called extended defects (EDs),
energy monotonically decreases with size. They frequently
consist of h011i I chains along f113g habit planes (known
as f113g defects) or adopt the morphology of f111g
dislocations, depending on particular processing conditions
[5,6,18,19].
For decades, models based on the OR mechanism have

been able to describe and predict the evolution and
morphology of I clusters during conventional thermal
annealing steps [10]. However, in recent ultrafast laser
annealing (LA) experiments, where the Si substrate region
is heated close to the melting temperature at the

nanosecond time scale, new physical effects are revealed
since (a) large I clusters form in a time scale (few tens of
nanoseconds) incompatible with the OR mechanism, and
(b) planar f001g I loops instead of conventional f111g
dislocations are observed by transmission electron micros-
copy (TEM) [20]. f001g loops had not been found in Si
before and indeed were not expected from an energetic
point of view. To justify their presence, it was hypothesized
that the generation of f001g loops in Si could be due to the
reduction of the defect formation energy relative to f111g
defects as a consequence of the compressive biaxial stress
developed in nonmelted regions of the substrate during LA
[20]. Anyhow, this stability argument cannot explain the
kinetic mechanism underlying the ultrafast gathering of I ’s
in such large aggregates.
In this Letter, we combine simulations and experiments

to investigate in detail the formation of f001g loops in
nanosecond laser-annealed Si. On one hand, we have used
molecular dynamics (MD) techniques to get fundamental
understanding of the mechanisms that lead to the formation
of planar f001g I loops as the Si melting temperature is
approached. On the other hand, we have designed focused
LA experiments in different substrates in order to strongly
reduce the thermal biaxial strain below the theoretical level
for the inversion of stability between the f111g and f001g
classes of defects.
In our MD simulations we have used a perfect Si lattice

with the X-, Y-, and Z-cell axes lying along the [100],
[011], and ½01̄1� directions, respectively. The simulation
cell was composed of 29 × 42 × 42 orthorhombic unit
cells, for a total of 204 624 atoms, with periodic boundary
conditions. We introduced 0.5% of excess I atoms in
tetrahedral positions chosen at random. We used the Tersoff
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3 potential to calculate forces among the Si atoms [21],
since it has been shown to give a good description of Si
structures different from perfect diamond, as is the case of
intrinsic defects and the amorphous and liquid phases
[22–24]. Nevertheless, Tersoff 3 potential overestimates
the Si melting point (2400 instead of 1685 K) [25]. In order
to compare simulated Tersoff 3 temperatures TT3 with real
temperatures Treal, it is common practice to define a
reduced temperature T� by scaling with respect to melting
temperatures: T� ¼ TT3=2400 ¼ Treal=1685. While this is
a relatively simple approach, it allows us to extract
qualitative information from MD simulations to be related
to experimental data, although calculated quantitative
values should be taken with caution. Generated samples
with excess I’s were annealed at different reduced temper-
atures T� of 0.50, 0.67, 0.75, 0.79, 0.83, 0.88, and 0.92, by
using the open-source MD software package LAMMPS
[26]. Defects in the simulations were identified as groups of
displaced atoms (DAs) and empty lattice sites (the pro-
cedure is described in detail in Ref. [27]). The difference
between the number of DAs and empty lattice sites equals
the net number of excess I’s in the defect (cluster size),
while the amount of DAs gives an idea of its volumetric
extension.
In Fig. 1 we plot the mean energy of DAs within I

clusters generated during the annealing simulations as a
function of their size. For the three lowest temperatures,
cluster energies decrease with size showing local minima at

some “magic” numbers corresponding to very stable
configurations, in agreement with results from other
authors [4,12,17]. In our MD simulations, many I’s are
aggregated in the form of the Arai tetra I , in agreement
with first-principle calculations that predict such configu-
ration as the lowest formation energy I cluster in Si
[28,29]. There are also a few small agglomerates of tetra
I’s with 8, 12, 16 I’s and so on [11], which precisely
coincide with the local minima observed in Fig. 1. Some
h011i chains are also generated, which are considered the
precursors of f113g defects [18], as well as several f111g
rodlike defects [see Fig. 1(a) in Ref. [30]]. Our results
indicate that, for the lowest simulated temperatures, I
aggregation is consistent with a conventional OR process
with dominance of stable ordered structures (Tersoff 3
potential is consequently able to correctly predict the OR
driven I-cluster growth observed at conventional annealing
conditions). However, for temperatures T� of 0.79 and
above, the energy curves show only a local minimum for I
clusters of size four, and then wide plateaus with a
quasicontinuous energy distribution followed by sharp
energy drops. In our MD simulations the Arai tetra I is
the only ordered atomic structure present at such high
temperatures, due to its high vibrational entropy, as it was
calculated by Kapur and Sinno [17]. Energy plateaus are
indicative of the presence of disordered I clusters, whose
dominance at high temperatures is favored with respect to
ordered structures due to their high configurational entropy
[31]. The existence of these high entropy amorphous
configurations of I ’s at high temperatures is in line with
the “morph” postulated by Cowern and co-workers to
explain high-temperature diffusion experiments in Si and
Ge [32]. Even though disordered I clusters in our simu-
lations may involve tens of excess I’s and even hundreds of
DAs, we observe that they are highly mobile and rapidly
grow by interacting with other mobile disordered aggre-
gates or immobile tetra I’s. When they reach a certain size,
they spontaneously transform into ordered planar EDs
where I atoms are concentrated in a disk perpendicular
to the h001i direction, and, consequently, they can be
described as f001g loops [see Fig. 1(b) in Ref. [30]]. This
structural transformation corresponds to the sharp drops in
the energy curves of Fig. 1. It is worth noting that higher
temperatures produce fewer but larger f001g loops, in
agreement with experiments [20]. However, at the highest
simulated temperature T� ¼ 0.92 no loops are observed,
just one large disordered cluster that encompasses all the
I’s formerly introduced in the lattice (see Fig. 2
in Ref. [30]).
We have investigated the inner structure of these I

aggregates through the calculation of the pair distribution
function (PDF). As an example, Fig. 2 illustrates the PDF
of a large disordered I cluster formed during annealing at
T� ¼ 0.88. The graph also shows the PDF of two liquids in
equilibrium (both simulated with periodic boundary

0.92
0.88
0.83
0.79
0.75
0.67
0.50

102 10310

Number of excess interstitials
1

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

E
ne

rg
y

(e
V

)

0.9
(a) (b)

FIG. 1. Dependence of the I-cluster mean energy per DAwith
size at several annealing temperatures. Energies are measured
with respect to the perfect crystal. At each temperature, energy
values have been obtained by averaging the energy per DA for all
I clusters with the same size, no matter their particular atomic
configuration. The different I cluster morphologies at low and
high temperatures are illustrated in the snapshots, corresponding
to ZY projections of DAs within the simulation cell taken after
10 ns annealing at (a) T� ¼ 0.50, showing tetra-I ’s, small h011i
chains, and f111g rodlike defects; and (b) T� ¼ 0.79, showing
tetra-I’s, large disordered I clusters and f001g loops.
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conditions), one at the melting temperature with zero
external pressure, and the other one at T� ¼ 0.88 under
4.5 GPa of compressive stress. The structures of the
disordered I cluster and the compressed liquid are almost
identical, which indicates that the high local stress gen-
erated to accommodate the excess I atoms into the solid
medium actually transforms them into high-density liquid
droplets. Extra density with respect to a zero pressure liquid
is evidenced by a higher first neighbor peak and a closer
second-neighbor shell. Another evidence of the liquid
nature of the I aggregates is that the integral up to the
first minimum of the corresponding PDF gives a value
close to 6, typical of metallic liquid Si, unlike the value of 4
of semiconducting amorphous Si. The liquid nature of these
I clusters explains the high mobility they show in our
simulations (see Fig. 3 in Ref. [30]).
The liquid droplets adopt a quasispherical shape to

minimize the surface-to-volume ratio and, consequently,
the defect interfacial energy. We have observed that when
two liquid I aggregates diffusing through the Si lattice
interact, first a “neck” connecting both pockets is gener-
ated, and then fast atomic redistribution leads to the
recovery of the spherical shape in the final droplet (see
Fig. 4 in Ref. [30]). This kind of process, known as
coalescence, is common for defect coarsening in metals
[33–35]. However, our work appears to be the first evidence
of such a mechanism for ED growth in solid semiconduc-
tors. It is interesting to note that, when coalescence is
completed and a new larger sphere is formed, the total
number of excess I’s equals the sum of I ’s in the merging
clusters, but the final number of DAs in the resulting defect
is larger than the sum of initial DAs. Figure 3(a) shows the
ratio of DAs per I atom in every I cluster generated during
the annealing simulations at high temperatures. The rise in
the number of DAs per I with cluster size contributes to
release the misfit strain energy due to a better accommo-
dation of excess I’s within the clusters, which compensates
for the increase of volume and interfacial energies due to a

larger number of DAs. As a consequence, with increasing
number of excess I’s, liquid I aggregates tend to occupy a
larger volume per I atom within the lattice, which leads to a
hydrostatic pressure release within the I–rich droplets as
shown in Fig. 3(b).
Liquid I clusters grow until they spontaneously pre-

cipitate into immobile planar f001g loops. After the
structural transformation, the ratio of DAs per I atom
significantly increases with size, as it can be seen in
Fig. 3(a), indicating that in f001g loops extra I atoms
produce strong strain fields that distort the surrounding
lattice much more than when they belong to liquid I
clusters. This allows a further release of hydrostatic
pressure within the defect, as shown in Fig. 3(b). The
structural transformation occurs at cluster sizes that
increase with annealing temperature, which explains why
higher temperatures produce fewer but larger f001g loops.
In turn, the defect pressures at which the structural trans-
formation is triggered decrease with annealing temperature.
In Fig. 3(c), we have plotted these hydrostatic pressure
values as a function of reduced temperatures along with the
solid-liquid equilibrium line in the Si phase diagram (from
Ref. [36]). At the early stages of the annealing simulations,
generated I clusters are small and the corresponding points
in the diagram are above the solid-liquid equilibrium line.
As these liquid I clusters coalesce and grow, their
associated hydrostatic pressure decreases until they cross

FIG. 2. Inset: ZY view of a disordered I cluster formed during
annealing at T� ¼ 0.88. Main plot: PDFs of this I cluster and two
liquids at different temperature and pressure conditions.

FIG. 3. Dependence with I-cluster size of (a) the ratio of DAs
per I atom, and (b) the cluster hydrostatic pressure. Values have
been obtained by averaging for all I clusters with the same size at
each temperature. In (c) pressure values are represented as a
function of T� along with the solid-liquid equilibrium line of the
Si phase diagram. Circles correspond to liquid I clusters and
squares to f001g loops.
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the solid-liquid equilibrium line. Then liquid I droplets
become undercooled, and after some incubation period they
transform into regular f001g loops. The clear correlation
between the temperature and pressure values for the
transformation of liquid I droplets into f001g loops with
the solid-liquid equilibrium line in the Si phase diagram
indicates that such transformation is in fact a first order
liquid-to-solid transition. As stated earlier, no structural
transformation is observed in our simulation at T� ¼ 0.92.
From the phase diagram of Si, at this temperature the
pressure within the liquid I clusters should drop close to
3.3 GPa for the structural transformation to occur, and that
would require a cluster size larger than the total number of
I’s considered in this work.
Our simulations have revealed that the structural trans-

formation into f001g loops starts with the nucleation of
Arai tetra I’s at the liquid I-defect edges during the
incubation period (see Fig. 5 in Ref. [30]). This high
vibrational entropy defect can withstand temperatures close
to the Si melting point [17]. In addition, its atomic
structure, where all atoms are perfectly fourfold coordi-
nated, favors their formation at the interface between the
liquid aggregates and the crystal lattice, naturally accom-
modating the excess I content (extra density) of the
high-pressure liquid droplets. Once nucleated, Arai tetra
I’s act as a template that promote the fast liquid droplet
crystallization.
Our MD results suggest a purely kinetic explanation for

the formation of f001g loops, where the liquid-to-solid
transition, as well as the final defect size, only depends on
local temperature. The defect formation mechanism should
be, in principle, independent from the thermal stress
developed during the annealing process (unlike it was
suggested in Ref. [20]). In order to further support these
findings we have performed dedicated LA experiments in
which Si on insulator (SOI) substrates were used in order to
modify the thermal biaxial strain with respect to conven-
tional Si bulk substrates, and bring it below the theoretical
level for the inversion of stability between f111g and
f001g loops.
A 320 nm-thick SOI wafer (BOX ¼ 1 μm) and a

reference Czochralski (001) Si wafer were implanted with
80 keV Siþ to a nominal dose of 2 × 1014 ions=cm2. These
conditions ensure the formation of large I-rich regions,
while keeping the damage below the amorphization thresh-
old. Several square areas (10 × 10 mm2) of the implanted
wafers were laser annealed using a SCREEN-LASSE LT
system based on pulsed UV irradiation (λ ¼ 308 nm, pulse
duration <200 ns), with laser energy densities ranging
from 0.6 to 1.1 J=cm2 for the SOI wafer and 1.5 to
2.9 J=cm2 for the reference Si sample. A single laser pulse
was used in all cases. These conditions were chosen on the
basis of phase-field simulations [37], in order to achieve
similar melt depths within the two different substrates.
TEM analysis, using weak-beam dark-field imaging

conditions, was performed to investigate the position and
nature of defects formed during LA.
In Fig. 4 we show two cross-section TEM micrographs

from the SOI substrate annealed at 0.9 J=cm2 and from the
reference Si sample annealed at 2.3 J=cm2, as well as the
corresponding local maximum temperature profiles calcu-
lated by means of phase-field simulations. These simula-
tions foresee a ∼55 nm melt depth for the two cases, which
is confirmed by the thicknesses of the surface regions
denuded from defects as seen in the TEM analysis.
The thermoelastic evaluation of the upper limit of the

stress field in the two cases (see Fig. 6 in Ref. [30]) is
strongly different: ∼ − 1 GPa for the bulk Si and ∼
−0.2 GPa for the SOI case. This is mainly due to the
particular temperature distribution in the SOI system,
where the maximum temperature gradient is obtained in
the oxide layer (the estimated maximum temperature drops
from ∼1640 to ∼410 K in the 1 μm-thick oxide layer). The
low stress field estimated in the SOI case results in a very
small increase of the formation energy of f111g loops (see
Fig. 7 in Ref. [30]), in such a way that the inversion of the
stability from f111g to f001g defects, predicted in the
reference Si case, is not expected in SOI. However, in spite
of the unfavorable energetic argument, and similarly to the
Si reference case, the dislocation loops observed in the LA
processed SOI sample (top of Fig. 4) are still of f001g type,
as confirmed by the g · b contrast method [38] performed
on this sample (see Fig. 8 in Ref. [30]). Moreover, their size
distribution is less dependent with depth compared to the
reference Si case. While f001g loops exhibiting a diameter
of ∼5 nm are clearly visible in the SOI sample at a depth of
∼200 nm (yellow arrows in Fig. 4), they have a much

FIG. 4. Cross-section TEMmicrographs from the SOI substrate
annealed at 0.9 J=cm2, and the bulk Si substrate annealed at
2.3 J=cm2. Superimposed are the corresponding local maximum
temperature profiles calculated by phase-field simulations. Green
dashed line indicates the melt depth.
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smaller size in the Si sample at the same depth, in
agreement with the calculated temperature profiles and
the MD predictions. A similar analysis was performed by
comparing the SOI sample annealed at 1.1 J=cm2 with the
Si reference sample annealed at 2.6 J=cm2, for which the
expected melt depth was ∼110 nm (see Figs. 6 and 9 in
Ref. [30]). Results lead to the same conclusions in terms of
defect nature, location and relation to the stress impact on
the defect formation energy, in good agreement with the
MD simulation predictions presented in this work.
In summary, we have shown using MD techniques that

f001g loops form as the result of a local liquid-solid
transition in I-rich droplets embedded in the Si crystal
which generate at temperatures close to the melting point.
The high mobility of such liquid I aggregates and their fast
growth by coalescence explains how the transition to f001g
loops occurs in ultrafast (nanoseconds wide) time scales,
with respect to the typical time scales (seconds) for the
formation of EDs in Si via the conventional OR mecha-
nism. These results are in perfect agreement with the
experimental evidence of instantaneous formation of
f001g loops in nanosecond laser annealed Si, even in
the absence of thermal-induced stress.
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