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ABSTRACT: By using classical molecular dynamics simulations and a novel technique to identify
defects based on the calculation of atomic strain, we have elucidated the detailed mechanisms
leading to the anomalous generation and growth of {001} loops found after ultra-fast laser
annealing of ion-implanted Si. We show that the building block of the {001} loops is the very
stable Arai tetra-interstitial [N. Arai, S. Takeda, M. Kohyama, Phys. Rev. Lett. 78, 4265 (1997)],
but their growth is kinetically prevented within conventional Ostwald ripening mechanisms under
standard processing conditions. However, our simulations predict that at temperatures close to the
Si melting point, Arai tetra-interstitials directly nucleate at the boundaries of fast diffusing self-
interstitial agglomerates, which merge by a coalescence mechanism reaching large sizes in the
nanosecond timescale. We demonstrate that the crystallization of such agglomerates into {001}
loops and their subsequent growth is mediated by the tensile and compressive strain fields that
develop concurrently around the loops. We also show that further annealing produces the
unfaulting of {001} loops into perfect dislocations. Besides, from the simulations we have fully
characterized the {001} loops, determining their atomic structure, interstitial density and formation

energy.
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1. Introduction

Silicon is one of the most technologically relevant materials today. For decades, its
economical relevance has stimulated a detailed study of its physical properties, especially those
related to device processing [1,2]. The understanding of defects has been, and still is, an area of
intensive research because of the interesting material science involved and because their presence
impacts device performance in many aspects. For example, they have a significant role on the
power consumption of integrated circuits (since they induce leakage currents) [3,4], and in the
energy conversion efficiency in solar cells (they act as carrier traps) [5]. In particular, due to the
influence they have on doping, the study of self-interstitial (§) defects has driven extensive
experimental [6-11] and theoretical [12-18] work, aimed at determining both the structure and
properties of such defects and their interaction with dopants. It is well known that dopant
implantation generates a large § supersaturation, and that such excess 3s tend to aggregate in defect
clusters of different morphology depending on the particular implant and annealing conditions
[11]. For low thermal budgets (short anneals and low temperatures) small $-clusters are evidenced
through spectroscopic techniques [10]. With further anneal, such small clusters grow into the so-
called extended defects (EDs) [9,10], which at sizes of several hundred $s become visible in high-
resolution transmission electron microscopy (HRTEM) images [6,11,19]. They show regular
atomic structures: frequently EDs form well characterized <011> S$.chains along {113} habit
planes (known as {113} defects), although for large $ supersaturations and high thermal budgets
they adopt the morphology of {111} dislocation loops. There are experimental [7,20] and
theoretical [21] evidences that {111} dislocations are spontaneously generated from the structural
transformation of {113} defects at such conditions. In parallel with Si vertiginous technology

development, defect growth models have been refined to complain with a more detailed prediction



that could guide processing optimization [14]. The Ostwald ripening (OR) mechanism is behind
the current understanding of the formation of {113} and {111} EDs in Si. OR implies that EDs
are immobile, and that larger and more stable EDs grow by capturing mobile point defects emitted
from smaller and less stable EDs [22].

Ultra-fast laser annealing techniques are being explored as a way to achieve high dopant
activation with minimal diffusion in ion implanted junctions, without affecting underlying buried
layers in 3D integrated devices [23,24]. These techniques are opening a new window of processing
conditions, where localized zones of the Si substrate are heated at temperatures close to the melting
point for just tens of nanoseconds. In such extreme conditions, planar {001} $-loops have been
observed by HRTEM for the first time in Si [25]. In spite of the short duration of the laser pulse,
under 200 ns, a density of the order of 1x10'! cm™ of {001} loops appears. The apparent diameter
of the loops was up to 10 nm. Assuming a density of s in {001} loops equal to the atomic density
of atoms in the Si lattice {001} plane, 13.6 nm™ (to be discussed later), observed {001} loops
contain hundreds of §s. While {001} EDs have been observed in diamond and Ge in the past [19],
this particular defect morphology had not been found in Si before, and it was not expected to occur
from a thermodynamic point of view, since free formation energy of {001} loops is higher than
the corresponding to {111} dislocations [25]. The generation of large {001} loops is not expected
either form a kinetic point of view. Within the conventional OR mechanism, the growth of $-
clusters involves the emission and capture of single-$s. The emission rate v of single-Ss from $-

clusters with a formation energy Er is estimated by the expression [26]:
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where Ef1 and Em, are the formation and migration energies of the single-9, respectively, and w

the vibrational frequency of Si atoms (~ 10" s™!). Considering Et1 + Em,1 = 4.8 eV [27] and Ef ~ 0.6



eV fora {001} loop containing hundreds of s [28], even at elevated temperatures close to the Si
melting point, the characteristic time for the ripening of large loops (t=1/v) is of the order of
seconds. This means that conventional OR models are not able to justify the formation of such
large {001} defects in a nanosecond timescale.

In arecent letter [29], it has been shown that at such elevated temperatures, S-rich Si is driven
into dense liquid-like droplets that are highly mobile within the solid crystalline Si matrix. These
liquid droplets merge by a coalescence mechanism and eventually transform into {001} loops
through a liquid-to-solid phase transition in the nanosecond timescale. Although a plausible
explanation for the anomalous generation of {001} loops has been proposed, some important
questions remain unanswered, mainly related to their structural and energetic characterization, and
to the microstructural evolution leading to their formation and growth. Sizes and time scales
involved in the generation of {001} loops make it very difficult the direct experimental
determination of such information. In turn, atomistic simulations are very useful for the study of
systems at the nano-scale. In particular, the excellent agreement between simulated and
experimentally observed atomic structures for other EDs in Si has provided strong evidence for
the robustness of the molecular dynamics (MD) technique for defect characterization [30].
Consequently, in this work we use classical MD simulations to unravel the detailed atomistic
mechanisms leading to the formation and further growth of {001} loops, and to understand the
reason for the prevalence of other defect morphologies under conventional annealing conditions.
From the simulations we determine the atomic structure of {001} loops, their formation energy

and S density. We also show the unfaulting mechanism into perfect {001} dislocations.

2. Simulations setup



We have performed our simulations using the open-source MD software package LAMMPS
[31]. We have used the Tersoff 3 potential to calculate forces among the Si atoms [32]. It describes
the strength of a given bond between two Si atoms as a function of the particular arrangement of
other atoms around the bond. This allows correctly describing structures different from perfect
crystal, as it is the case of intrinsic defects and the amorphous and liquid phases [30,33]. Besides,
Tersoff 3 is able to predict the formation of {113} defect precursors at low annealing temperatures
in agreement with experiments [17], as we will show later. Nevertheless, Tersoff 3 potential
overestimates the Si melting point (2400 K instead of 1685 K [34]). In order to compare simulated
Tersoff 3 temperatures T3 with real temperatures Treal, it is of common use in the MD community
to define a reduced temperature T* by scaling with respect to melting temperatures:

T* =T13/2400 = Treal/1685

We used a quasi-cubic simulation volume filled with a perfect Si lattice composed of
29x42x42 orthorhombic unit cells, with the X, Y and Z axes lying along the [100], [011] and [011]
directions, respectively. Si lattice parameter was expanded at each simulated temperature
according to the Tersoff 3 potential to assure that external pressure in the system is zero. We
applied periodic boundary conditions in all directions. We introduced 0.5% of excess § atoms in
tetrahedral positions chosen at random, for a total number of 205647 atoms within the simulation
volume. Samples with excess § atoms were annealed at reduced temperatures T* ranging from
0.50 to 0.88 (corresponding to real temperatures between 800 K and 1500 K). Simulations are run
until a metastable state where all fast moving particles are trapped in immobile stable defects is
reached.

A common technique used to identify defects in MD simulations consists of detecting atoms

that have displaced from perfect lattice positions a given distance, typically chosen between 0.2



and 0.7 A [17,35]. However, this method is sensitive to the particular distance used to consider an
atom displaced from its lattice site, and it gives no information about the driving force behind the
formation and growth of defects. In this work, we use a novel technique to identify defects based
on the “effective strain”. It has been shown that defects create strain fields around them, and that
such fields affect the interacting elastic energy of surrounding point defects, thus modifying its
dynamic behavior [36]. In our simulations, we have calculated the effective strain S (in %) for

every atom in the cell, as in the following equation:
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where the sum is carried over the first neighbors i of the atom, n is the total number of neighbors,
di is the distance to neighbor i, and do is the equilibrium distance in the perfect crystal at the
simulated temperature. Prior to the calculation of S, we carried time averages of atom coordinates
for 1000 time-steps, and subsequent energy minimizations using the steepest descent method. In
this way, we filtered out the noise in the values of S due to thermal vibrations [35]. Atoms in the
perfect lattice will have S values close to 0. Atoms displaced from perfect lattice positions will
have S values that significantly differ from 0: negative values of S (shortened bonds) will
correspond to atoms under compressive stress, and positive values (elongated bonds) to atoms
under tensile stress. As we shall see, this method adequately allows us to identify defects along
MD simulations, and it also gives strain-field related information to understand their nucleation

and growth mechanisms.

3. Results and discussion
Our simulations show that single-Ss initially introduced in the lattice and early formed di-

and tri-Ss diffuse relatively fast (in agreement with observations by other authors [37,38]). When



they interact, they aggregate into larger defects. At the lowest simulated temperature, T* = 0.50,
the aggregation process of all small and mobile species (single-, di- and tri-$s) results in larger and
immobile S-clusters (with size four and above) that adopt regular and ordered atomic structures.
Figure 1 shows the final snapshot of the simulation cell after 170 ns annealing at T* = 0.50. For
the sake of clarity, atoms in perfect lattice positions (with S values close to 0) are not shown. A
total of 150 different defects are formed with a relatively small § content (most defects have less
than 15 9s). A few {111} rod-like defects [40] appear, but the majority of §-defects are in the form
of (011) chains, isolated tetra-3s in the compact Arai configuration [41] or small groups of them.
It is well known that (011) chains are the precursors of {113} defects [19,30], and large {113}
defects transform into {111} dislocations [7,20,21]. Both type of EDs are the most frequent ones
experimentally observed under ion-irradiation of Si annealed at temperatures in this regime [11].
However, the role of the Arai tetra-S$ is unclear. Extra atoms in the Arai tetra-$ lie on {001} planes
(see Fig. 2(f)), and such defects aggregate following these same planes, which indicates that Arai
tetra-9s and their agglomerates could be the precursors of {001} loops.

In order to evaluate the role of small (011) chains and compact {001} aggregates in the
ripening of S-clusters, we have analyzed their atomic configurations (Fig. 2) and energetics (Fig.
3) [42]. In (011) chains, constituent atoms are four-fold coordinated, and their atomic structure is
alike when looked in the <011> direction for all sizes. Formation energies of (011) chains
monotonically decrease with size. During the annealing simulation at T* = 0.50 we have observed
that these chains capture free s on their sides. Captured Ss diffuse along the <011> direction
through the 7-member rings that surround the defect core, until they get to the defect edges where
larger tensile strain can accommodate them. This result is in agreement with parallel-replica

dynamics calculations carried by Birner and coworkers [43]. In the case of compact {001}



aggregates, only in the tri-§ cluster and in the multiple-of-four § configurations constituent atoms
are four-fold coordinated. For intermediate configurations extra § atoms are not four-fold
coordinated and, consequently, they are weakly bound (see for example the case of the penta-$§
shown in Fig. 2(g), where the core structure is basically the Arai tetra-$ and the extra § atom is
just orbiting around). This is reflected by the formation energies shown in Fig. 3 for compact {001}
aggregates, which show local minima at the multiple-of-four configurations, with higher energies
associated to intermediate configurations. In fact, at the end of our annealing simulation at T* =
0.50 all the observed compact {001} agglomerates are multiple-of-four configurations. The
existence of particularly stable configurations is in good agreement with the “magic number”
clusters found in the inverse modeling of experimental measurements done by Cowern and
coworkers [8].

The population of $-clusters will be consequently determined by the competition between
the growth of (011) chains and compact {001} agglomerates. Formation energies of the chain tri-
3 of Fig. 2(a) and the compact tri-$ of Fig. 2(e) are very similar, around 2.7 eV/S, which indicates
that their generation from mobile single- and di-S$s is equally likely. Frequent exchange between
these two tri-$ clusters configurations is also observed in our MD simulations. When a compact
{001} tri-S captures a free single-$ it rapidly transforms to the Arai tetra-S (see Fig. 2(f)) with a
considerable decrease in the energy per § atom (both defects have a very similar atomic structure).
Although the compact Arai tetra-$ has a much lower formation energy than the chain tetra-$, at
low temperatures the structural transformation from chain to compact is unlikely, since it would
involve substantial atomic reordering to overcome an energy barrier of around 0.54 eV [44]. In
fact, both types of chain and compact S-clusters are observed at the end of the annealing simulation

at T*=0.50 (Fig. 1). Isolated Arai tetra-3Ss and small agglomerates of them are unlikely to further



grow, because additional s are weakly bound and once the initial burst of single-Ss is over, it
would be extremely infrequent that any given S-cluster captures simultaneously four free Ss. This
limitation does not hold for the chain $-clusters, which can grow progressively by capturing single-
3s until they get to a critical size that favors the structural transformation to {113} defects.

A similar behavior to the one described above for § aggregation at T* = 0.50 is also observed
at annealing temperatures up to T* = (.75 (corresponding to real temperatures in the interval 800
— 1300 K). Our simulations plot a comprehensive picture of the current understanding of $-cluster
evolution in this temperature regime within the OR mechanim: (a) experimental HRTEM images
show large {113} defects and {111} dislocations (originated from {113} EDs), depending on the
particular processing thermal budget, but no {001} loops are observed, because agglomerates of
compact {001} tetra-Ss, although very stable, remain so small that cannot be resolved in HRTEM
images [11]; (b) The existence of “magic number” $-cluster configurations, associated to the
multiple-of-four {001} Arai defects and demonstrated by Cowern et al. [8], is compatible with the
growth of chain (011) $-defects characterized by a formation energy that monotonically decreases
with size; and (c) the growth of large {001} loops from small Arai agglomerates is kinetically
prevented, even though the generation of the former appears to be thermodynamically favorable
(their formation energy is lower than the corresponding to {113} defects, as we shall see later).

In our simulations, defects resulting after annealing at high temperatures, above T* = 0.75,
are fewer, with sizes large enough to be considered as EDs, and they contain a high amount of 3s.
Figure 4 shows snapshots corresponding to the final system configurations after annealing at the
three higher temperatures considered in this work, T* =0.79, 0.83 and 0.88 (corresponding to real
temperatures between 1300 and 1500 K). Some Arai tetra-3s remain after annealing at T* = 0.79,

but no {011} chains are observed at any of these temperatures. Instead, we find large disks of §



atoms lying on {001} planes, which can be consequently identified with planar {001} loops. These
{001} defects coexist with some {111} dislocations. From the final configurations shown in Fig.
4 we have extracted the average size of {001} defects, their formation energy, the {001} EDs
density, and the relative amount of s belonging to {001} and {111} EDs. These data are collected
in Table 1. Our simulations show that {001} loop sizes and the relative percentage of Ss in {001}
defects with respect to {111} dislocations increase with temperature, while {001} defects density
decreases, in very good agreement with experimental observations [25,45]. Extracted formation
energies per § atom decrease with temperature, because {001} loops become larger and the
contribution of the interfacial energy diminishes.

In this high temperature regime, the mechanisms for the generation of {001} loops appear
to be completely different from the conventional OR process: instead of having ordered and
immobile $-defect clusters exchanging mobile point-defect Ss, we observe that -clusters remain
completely disordered for sizes of tens or even hundreds of Ss. They are of liquid nature, highly
mobile and rapidly merge by a coalescence mechanism [29]. Figure 5 shows the measured
effective diffusivities as a function of time for all the annealing simulations carried in this work.
They have been calculated by applying the Einstein formula that relates diffusivity D at a given

time t with the total mean square displacement in the simulation cell:

N
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where 7; is the position vector of atom i, N the total number of atoms in the simulation, and N; the
number of extra § atoms in the MD cell. For temperatures between T* = 0.50 and T* = 0.75 we
see an initial plateau corresponding to the weighted average diffusivity of highly-mobile species

(single Is, di-Ss and tri-Ss), which is of the order of the diffusivity calculated for single-$s [35].
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This initial plateau is followed by a dependence close to 1/t, indicative of a halted diffusion when
mobile Is become trapped in stable immobile clusters (such as Arai tetra-3s). At the three higher
temperatures, apart from the initial plateau, we notice an additional plateau at intermediate times
revealing the onset of other mobile species, i.e., the liquid-like S-rich clusters. Such dependence
turns again into 1/t when these disordered clusters transform into immobile planar {001} loops.
The high diffusivities of these liquid-like $-rich agglomerates (> 10~ cm?/s) imply that they can
travel distances of the order of nanometers in a nanosecond timescale. Thus, the merging of highly
mobile $-agglomerates leads to the formation of large $-clusters within nanoseconds, contrary to
OR mechanism that would require times of the order of seconds to exchange single-Ss among
stable and immobile S-clusters. It is worth to note that the density and diameter of {001} loops
extracted from experiments [25,45] are comparable to the results obtained in our simulations,
which give an average distance among {001} loops of ~10 nm and sizes of hundreds of Is (values
derived from data in Table 1).

Atoms surrounding {001} loops, even though they are in perfect lattice positions, appear
colored (strained) in Fig. 4. We found that {001} loops produce strong strain fields around them,
of two different types. One type is associated to atoms above and below the disk of extra § atoms,
colored green, and consequently corresponds with light compressive stress. They define a volume
with the shape of an ellipsoid, and it is clearly visible in {001} loops viewed from the side (like,
for example, defect labeled as “A” in Fig. 4). The other type is associated to atoms that surround
the circle defined by the disk of extra 3s. These atoms are displayed with warm colors, from yellow
to red, indicating that they are under tensile stress. They define a volume with the shape of a toroid,
and it appears as a circumference that surrounds the {001} loop in a plain view (for example, in

defect labeled as “B” in Fig. 4). Both strain fields are a consequence of the extra § atoms in the

11



defect core, which pull outwards the crystal lattice above and below the defect plane compressing
the corresponding bonds, and at the same time causing the elongation of bonds around the extra $-
atoms disk. The presence of these strain fields affect the movement of other $-agglomerates trough
the lattice [36]: compressive strain fields increase the elastic interacting energy of S-defects, while
tensile strain fields decrease it; consequently, S-defects will tend to move out of compressive strain
regions and towards tensile strain zones.

Our MD simulations have revealed the detailed atomic mechanisms leading to the generation
of {001} loops. Figure 6 shows several snapshots taken during annealing at T* = 0.83 depicting
the formation of'a {001} loop. Figure 6(a) displays one of the highly mobile liquid droplets formed
during the § aggregation process. It has a quasi-spherical shape to minimize the surface-to-volume
ratio and, consequently, the interfacial free energy. Recrystallization of the liquid droplet starts
from the spontaneous nucleation of Arai tetra-Ss at the interface with the crystal lattice. The Arai
tetra-$ is the only ordered S-cluster able to withstand such high temperatures, due to its
extraordinarily high vibrational entropy [46,47]. Its particular atomic structure, where all atoms
are perfectly four-fold coordinated (see Fig. 2(f)), favors their formation at the interface between
the liquid agglomerates and the crystal lattice, naturally accommodating within the crystal the
excess § content of the liquid droplets. Frequently, randomly nucleated Arai tetra-Ss dissolve again
into the liquid agglomerates. Only when two Arai tetra-Ss nucleate close together, they become
stable enough to withstand thermal agitation (the compact Arai octo-S cluster is much more stable
than two isolated Arai tetra-Ss, due to its lower formation energy, as shown in Fig. 3). The strain
field created by the Arai tetra-Ss, shown in the inset Fig. 6, favors that extra § atoms in the liquid
droplet, initially distributed uniformly throughout its volume, concentrate in the {001} plane where

the extra S atoms of the Arai defect lie (see Fig. 6(b)). This process, in turn, strengthens the strain
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field (compressive above and below, and tensile around), so atoms rapidly redistribute within the
droplet into a disk of a circular shape (see Fig. 6(c)). The transformation from a liquid droplet to a
fully ordered {001} loop occurs in few nanoseconds (Fig. 6(d)), and it can be described as a first-
order phase transition [29], which needs the prior nucleation of Arai tetra-Ss (incubation period)
that afterwards act as the seed for the droplet crystallization. From our simulations, we have
measured a latent heat of 0.42 eV/$ in the transformation, of the order of the latent heat for melting
in Si calculated with the Tersoff 3 potential [48].

{001} loops can further grow while still other mobile liquid droplets, containing hundreds
of 3s, coexist, as depicted in Fig. 7 corresponding to the annealing simulation at T* = 0.79. The
compressive strain field created by the loop above and below the defect plane pulls the approaching
mobile liquid S-cluster to the loop edge, where the strain is tensile and the Ss can be incorporated.
Atoms in the liquid droplet start to rearrange following the ordered structure of the loop, via the
generation of Arai tetra-Ss, growing in size while maintaining its planar structure. The
incorporation of the liquid droplet into the {001} loop is very fast, atomic reordering occurs within
just 1.4 ns, and it is accompanied by a decrease of the potential energy in the system.

Atomic structures of all {001} defects formed in our simulations are similar to the one shown
in the snapshots of Fig. 6(d). In the loop edges, atoms are arranged following the structure of the
Arai tetra-$, in alternate positions within the crystal lattice, like in a chessboard. This arrangement
is similar to the atomic structure proposed by Takeda for the case of {001} defects in Ge [19],
which is displayed in Fig. 8(a). However, a closer look into the {001} defects obtained in our
simulations indicates that atoms arrange differently in the loop cores, as shown in Fig. 8(b). While
in Takeda’s configuration the typical Arai tetra-3s structure is maintained, with 8-member atom

rings in between, in our structure extra § atoms distribute uniformly along the defect plane. This
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reordering is energetically favorable, since the formation energy per § atom decreases from (.74
eV in Takeda’s arrangement to 0.68 eV in our structure. Figure 8(c) shows the HRTEM image
obtained from Qiu and coworkers of the {001} loops found in their experiments [25]. Figures 8(d)
and 8(e) show HRTEM simulated images [49] of the atomic structures shown in Fig. 8(a) and 8(b),
respectively. As it can be seen, the experimental HRTEM image compares very well with the
corresponding to the structure found in our simulations, while the simulated image of Takeda’s
structure shows large white spots corresponding to the 8-member rings. This indicates that {001}
EDs in Si adopt a different configuration than in Ge.

From our simulations, we have also characterized in detail this newly found structure. We
have measured a Burgers vector of one-third the lattice unit a in the [001] direction, within the
experimental error of the a/4 [001] value reported by Qiu and coworkers [25]. In Table 2 we
indicate the formation energy Ef per $ atom and the § density for the {001} loops and other
common EDs in Si (considered ideal and infinite). In {001} loops, the formation energy is slightly
higher than that corresponding to the {111} rod-like defects, and § density is high, close to the
maximum value typical of perfect {111} dislocations. The higher energy of {001} loops compared
to {111} defects made them thermodynamically unexpected.

Since $ density in {001} loops coincides with the atomic Si density in {001} planes (see
Table 2), it is expected that some of the loops will unfault. To study this transformation, we carried
out MD simulations with a perfect Si lattice composed of 10x18%10 orthorhombic unit cells, with
the X, Y and Z axes lying along the [011], [100] and [011] directions, respectively. In the center
of the cell, and within a plane perpendicular to the Y axis, we introduced 200 extra atoms (for a
total of 7400 atoms in the simulation) following the configuration we found for the {001} loops.

We applied periodic boundary conditions in all directions in order to simulate the behavior of an
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infinite {001} loop embedded in the crystal lattice. The dimensions of the cell along the Y axis
were made longer than in the case of X and Z axes in order to avoid that periodic boundary
conditions affect the free movement of atoms in the Y direction. The MD cell was annealed at
T*=0.79 for 4 nanoseconds. Figure 9 shows several snapshots taken during the simulation
depicting the {001} loop unfaulting into a perfect dislocation. Unfaulting starts with the
spontaneous occurrence of a bond switch in the loop core. This initial event produces a collective
and coordinate movement of atoms exchanging their bonds and causing the glide of the crystal
planes immediately above the loop, within just a few picoseconds. Finally, the crystal lattice is
restored, but {001} loop unfaulting leaves behind a screw dislocation. The facts that the infinite
{001} loop remained stable in its initial configuration for 3.6 ns at T* = (.79 before unfaulting,
and that in our previous MD simulations of § aggregation we have not observed this kind of
transformation in finite {001} loops even after 30 ns of annealing at that temperature (see Fig.
4(a)), indicate that an energy barrier that decreases with defect size must be overcome for
unfaulting to occur. We have observed that for annealings at T* = 0.83 and T* = 0.88 some of the
formed finite {001} loops unfault into perfect dislocations (EDs indicated by dark green arrows in
Fig. 4(b) and (c)). Larger loop sizes are favored by higher annealing temperatures [29], which in
turn stimulate further atomic agitation within the loop cores, making more likely the unfaulting

transformation.

4. Conclusions

We have used MD simulations to show in detail the atomistic mechanisms related to the
formation, growth and unfaulting of {001} loops recently found in ion-implanted Si after ultra-
fast laser annealing treatments. We have shown that the building block of the {001} loops is the

Arai tetra-S. At low annealing temperatures (typical of conventional annealing treatments), $
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aggregation proceeds via OR, with ordered and immobile S-clusters exchanging mobile single-, di-
and tri-Ss. In these conditions, the growth of Arai tetra-$ agglomerates ({001} loops precursors)
is not favored with respect to the ripening of (011) chains ({113} defects precursors), given the
variation of formation energies of such families of defects as a function of size. We have
demonstrated that, at high annealing temperatures (typical of ultra-fast laser annealing treatments),
3-agglomerates exhibit a high diffusivity; they can coalesce in the nanosecond timescale, making
it possible the formation of large $-defects nine orders of magnitude faster than conventional OR
would predict. The generation of {001} loops also occurs in the nanosecond timescale, starting by
the spontaneous nucleation of Arai tetra-Ss at the boundaries of such $-rich agglomerates. By using
anovel technique for defect identification based on the calculation of atomic strain, we have shown
that the formation of {001} loops, and the subsequent growth of these loops by capturing additional
agglomerates, are mediated by the two types of strain fields that build up around the loops: tensile
in the loop edges and compressive above and below the defect plane. Finally, with further
annealing at the highest temperatures, we found that {001} loops unfault into perfect dislocations.

The key for the formation of {001} loops is that, under ultra-fast laser annealing conditions,
the Si sample is heated at temperatures close to the melting point in the nanosecond timescale,
leading to the formation of large S-rich liquid droplets. The Arai tetra-$ is the only ordered defect
structure able to withstand such high temperatures to nucleate at the edges of the droplets and
produce their transformation into regular {001} loops. This high-temperature regime only lasts for
several hundreds of nanoseconds, then temperature drops very fast, so the {001} loops become
undercooled within the lattice. Under conventional (furnace or flash) annealing, such high
temperatures can also be reached, but ramping up, heating, and cooling down last for times orders

of magnitude longer than those typical of ultra-fast laser annealing. At lower temperatures (as it
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occurs during the “slow” temperature ramp-up), self-S clusters will evolve according to the OR
mechanism, which eventually leads to {113} defects and {111} dislocation loops. Since {111}
dislocations are lower in energy than {001} defects, once self-interstitials are stored in {111}
dislocations, {001} loop formation is suppressed. This is coherent with the fact that {001} loops
have not been observed in Si under conventional annealing conditions.

The atomic structure we observe in the core of generated {001} loops differs from the one
formerly proposed for such defects in Ge by Takeda. The atomic structure we propose is fully
consistent with experimental HRTEM images, and it is the result of a comprehensive formation
mechanism. From the simulations we have also extracted the formation energy per § atom (0.68
eV) and the § density (13.6 nm?) of {001} loops. This information is relevant from a practical
point of view, because from the measurable size distribution and § density of {001} loops it is
possible to evaluate the total amount of Ss stored in such defects. They are also key parameters for
predictive TCAD modeling of ultra-fast laser annealing treatments or other extremely high

temperature processing steps.
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Figure 1. ZY snapshot of the simulation cell after annealing at T* = 0.50 for 170 ns. Atomic colors
identify the corresponding S values [39]. {111} rod-like defects are indicated by red arrows and

agglomerates of Arai tetra-3s by green arrows. Remaining defects are isolated Arai tetra-$s and

(011) chains.
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model, top views of the defects along the <001> direction, which show the elongated and compact

nature of each family of precursors.
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Figure 4. ZY snapshots of the simulation cell after annealing at (a) T* =0.79 for 30 ns, (b)
T* =10.83 for 29 ns, and (c) T* = 0.88 for 74 ns. Atomic colors identify the corresponding S values
[39]. {111} dislocations are indicated by red arrows and {001} EDs by green arrows (dark green
are perfect dislocations, the rest are {001} loops). Remaining defects in (a) are isolated Arai tetra-
3s. Defects labeled as A and B show how strain fields created by the {001} loops look like on side-

and plain-views, respectively.
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(a) 16.75ns (b)17.10ns (c)17.35ns

LD o= oW

Figure 6. Snapshots depicting the formation of one {001} loop from a liquid S-cluster during
annealing at T* = 0.83. Defect contains a total of 100 Ss. Upper snapshots correspond to plain
views, and bottom snapshots with side views. Atomic colors identify the corresponding S values
[39]. Times are measured from the start of the annealing simulation. On the left, the strain field
created by the Arai tetra-9, shown in perspective and projected along the <001> and <011>
directions. Around the four extra atoms in the Arai defect the strain field is tensile, while above
and below the defect is compressive, which favors close $s to align on a {001} plane. Arai tetra-

3s that nucleate in the liquid S-cluster edges in (b) are shadowed in red.
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during annealing at T* = 0.79. Atomic colors identify the corresponding S values [39]. Times are

Figure 7. ZY snapshots depicting the growth of one {001} loop at the expense of a liquid $-cluster

measured from the start of the MD simulation.



Figure 8. Atomic structure of the {001} loops: (a) as proposed by Takeda in Ref. [19], (b) atomic
rearrangement observed in our MD simulations, (¢) experimental HTREM image from Ref. [25],
(d) simulated HRTEM image of the structure shown in (a), and (e) simulated HRTEM image of

the structure shown in (b) [49].
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Figure 9. XY snapshots taken during annealing at T* = (.79 depicting the unfaulting of an infinite
{001} loop (not all the atoms in the MD cell are shown). Times are measured from the start of the

MD simulation. Arrow in the last snapshot indicates the resulting edge dislocation.
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Average Formation {001} defects density % of s in

T*
size ~ energy (eV/9) (cm™) {001}/{111} EDs
0.79 100 0.89 1.46x10'8 57/40
0.83 256 0.84 9.76x10"7 79/21
0.88 511 0.77 4.88x10"7 100/0

Table 1. Results of the annealing simulations at several reduced temperatures: average sizes of
resulting {001} loops, formation energies, defects densities, and percentages of s in {001} and

{111} EDs.
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Extended Atomic Ef per § atom | § density
defect structure (eV) (nm?)

{113} [TIO| 0.86 5.4

{001} loop W 0.68 13.6

{111} rod-like

defect 0.65 7.8

{001} perfect

dislocation 0 13.6

{111} perfect

dislocation 0 15.7

Table 2. Features of typical EDs in Si. Atoms in red indicate the extra s. Formation energies in
the case of ideal and infinite {001} and {111} dislocations are 0 because atomic arrangements are

that of the perfect lattice.
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