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A B S T R A C T

Laser annealing of semiconductor materials is a processing technique offering interesting application features
when intense, transient and localized heat sources are needed for electronic device manufacturing or other
nano-technological applications. The space-time localization of the induced thermal field (in the nanoseconds/
nanometers scale) promotes interesting non-equilibrium phenomena in the processed material which only
recently have been systematically investigated and modelled. In this review paper we discuss the current
knowledge on anomalous kinetics occurring in implanted silicon and germanium (i.e. thin layers of disorder
diluted alloys of Si and Ge, with variable initial disorder status according to the implantation conditions) during
the pulsed laser irradiation. In particular, we focus our attention on the anomalous impurity redistribution in
the transient melting stage and on the formation of non conventional and metastable extended defects.

1. Introduction

Laser Annealing (LA) is the preferred material processing option
when heating of extremely localized regions of the specimen is required.
The possible applications include all the micro- and nano-fabrications in
which a local material modification needs to be activated at high
temperature (T) while this thermal budget could be detrimental for the
materials and structures present in the surroundings areas. In the
semiconductor technologies the importance of LA increases with the
complexity of the realized/proposed integration schemes. Indeed, its use
is often proposed when, in complex integration schemes, additional
device structures have to be built on top of pre-fabricated ones, which
have to be shielded by the subsequent fabrication processes of the new
structures. A non exhaustive list of these device architectures includes:
backside junctions and metallization in vertical power devices, thin film
displays, high frequency bipolar silicon on glass processes, CMOS back-
side images or 3D integration (see Ref. [1] for a complete discussion on
LA applications in emerging technologies).

In many of these applications LA is preceded by a process (e.g.
impurity implantation or low temperature deposition) producing a
strongly disordered or amorphous material. Moreover, for the majority

of the proposed conditions, LA induces localized melting and the ultra
fast recovery of the crystalline order. As a consequence, the far from
equilibrium kinetics is a key aspect of the material modifications caused
by LA. In addition, non-equilibrium phenomena are often exploited to
obtain the desired results: e.g. the non-equilibrium impurity segregation
during the fast solidification favours the incorporation of high concen-
trations of electrically active dopant atoms [2–4].

Recently systematic studies by means of accurate and correlated
chemical-physical and micro-structural analyses of samples processed
by LA in different conditions have revealed a series of anomalous
aspects, which cannot be fully and correctly described by the previous
theoretical and modeling assessment. The anomalies concern many of
the post-process physical observables: the alloy redistribution [5–8],
the electrical activation of ion-implanted impurities [9–11], the defect
evolution [12–14], the observation of non-conventional extended
defects [1,15]. The particular focus of this paper is the current
theoretical understanding of the LA results in terms of the micro-
structural and atomistic ultra rapid evolution of the processed systems.
We restrict our analysis on systems based on the two most popular
semiconductors, namely silicon (Si) and germanium (Ge), materials of
importance for nano-electronic applications; however, most of the
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arguments here discussed can also impact the theoretical comprehen-
sion of the non-equilibrium kinetics in other systems.

The plan of the paper is the following: in section 2 the necessary
theoretical background for the simulation of the LA process is
presented, section 3 focuses on anomalies of the alloy redistribution
during rapid melting and solidification provoked by LA, in section 4 the
results of LA induced kinetics at sub-μs time scale in damaged
semiconductors are discussed, finally section 5 reports some conclusive
remarks.

2. Theoretical background

With respect to other processing techniques, e.g. a conventional
thermal process, LA in some sense maximizes the interaction between
equipment and specimen. Indeed, if we consider the laser-beam as part
of the equipment, the driving force for the material modification
depends strongly on the sample's geometry and material type, due to
the impact of the laser light diffraction and thermal diffusion within the
irradiated structures [3,16,4]. Any accurate modeling of the micro-
structural kinetics during LA cannot be developed regardless of a
precise determination of the thermal field and the eventual melting
front kinetics. In this section we will discuss this necessary preliminary
simulation formalism based on electromagnetic calculations coupled
with a phase field model for the evolving temperature and phase fields.

2.1. Electromagnetic calculations for the heat sources in laser-
annealing

In laser annealing, using pulsed laser configurations, the spatial
distribution of the electromagnetic (e.m.) power can be considered
uniform over areas ∼cm 2. The coherence length Lc of the e.m. field is
in general much smaller than the pulse dimension L ⪡1c cm but much
larger than the feature size (e.g. the pitch ∼10 − 10−8 −7 cm, for the case
of a periodic pattern of devices) of the irradiated structures. As a
consequence, we can assume that the heat source is generated by a
generic incident “coherent” electromagnetic plane wave with fixed
angular frequency ω in a given polarization state. The laser pulse is
usually specified in terms of the total fluence (energy density) Elaser in
J[ × cm ]−2 units and the normalized power density P t( )norm

∫ P t dt( ) = 1
t

norm
0

Δ pulse

(1)

where P t( ) ≡ 0norm when t < 0 or t t> Δ . The pulse duration tΔ pulse is
usually much larger than the inverse of the frequency
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where ω is the angular frequency and c is the light speed. For example
for a laser wave length λ = 308 × 10 m−9 the inverse of the frequency is
ν = 308 × 10 /299792458 ∼ 10 s−1 −9 −15 while the usual range of tΔ pulse is

20 − 200 × 10 s−9 . These considerations make ineffective any fully time
dependent solution of the Maxwell equations for the heat source
calculations in the case of the LA problem under study. An “adia-
batic-like” formulation of the heating problem is necessary assuming
that the change of the optical constants during the annealing is slow
with respect the system response to the electromagnetic excitation. In
this approximation, with the additional assumption that the electro-
magnetic excitation is efficiently transferred from the electrons to the
photons (see ref. [13] for a complete discussion on this issue) we can
determine the heat sources using stationary (or time harmonic)
evaluation of the resistive heat averaging the “ultra-fast” time scales
of the oscillating electromagnetic field

S t ε
ρ

P tr E r( , ) = ″
2

| ( )| · ( )laser
th

norm
2

(3)

Where ε″ is the imaginary part of the complex dielectric constant
ε ε jε= ′ + ″ of the material and Eth is the time harmonic electric field

exp jωt ϕE E= × ( − + )th that can be evaluated by the following time
independent form (i.e. the time harmonic Maxwell curl-curl problem)

μ ϵjω σ jω jω in ΩE E J▿ × ( ▿ × ) − ( − ) = ,th th−1 (4)

and

on Ωn E n E× = × , ∂th th
e0 (5)
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f h
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where

Ω Ω Ω∂ = ∂ ∩ ∂e h (7)

and

Ω Ω∂ ∪ ∂ = 0e h (8)

here Ω d is the system dimension⊂ ( )d is an open, bounded domain
with boundary Γ Ω= ∂ , Ω∂ e ( Ω∂ h) is a boundary where a condition on
the electric (magnetic) field is imposed, L ΩJ ∈ ( ( ))d2 is a given vector
function indicating the internal source and ω ω n∈ ( ≠ 0) , is the unit
outward normal vector to Ω∂ .

For a Transversal Electrical (TE) mode and in the absence of
internal sources

EE z=th
z
th

(9)

E
z

∂
∂

= 0z
th

(10)

and Eq. (5) takes the form of the Helmotz equation

μ σ ϵE jω jω E−▿( ▿ ) − ( − ) = 0z
th
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and
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Since the optical parameters depend significantly on temperature
and phase, Eqs. (3) and (11) have to be solved self-consistently with the
phase and temperature evolution equations (see the following sub-
section) to evaluate the time and space dependent heat sources.

2.2. Phase field formalism

Accurate simulations of the temperature and phase evolution due to
heat generation by means of pulsed irradiation can be achieved within
the phase field formalism [4], which in addition permits a natural
integration of evolution models for other quantities of interest (e.g.
impurities, defects). The phase field model is an ideal framework for
studying phase transition problems, because it allows simulating the
evolution in time and space of the phase boundary without the explicit
tracking of the boundary itself. These results are achieved using a phase
field variable ψ which varies with continuity from one phase to another.
An accurate mathematical model derivation, including extended ana-
lytical and numerical tests, can be found in the seminal work of Karma
and Rappel (K-R) [17] based on the following phase field equations for
a generic temperature T driven solid-liquid phase transition:

τ ψ
t

W ψ F ψ λu
ψ

∂
∂

= ∇ − ∂ ( , )
∂

2 2

(14)

u
t

D u h ψ
t

∂
∂

= ∇ + 1
2

∂ ( )
∂T

2
(15)

where

F ψ λu f ψ λg ψ u( , ) = ( ) + ( ) (16)
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and

u
c T T

L
=

( − )p M

(17)

The following parameters are introduced: W is the (finite) width of
the liquid-solid interface, DT is the heat diffusivity cp the constant
pressure specific heat and L the latent heat. Here F ψ λu( , ) and h must
be chosen in a way that the diffuse interface solutions coincide with the
free boundary problem in the sharp interface limit.

u
t

D uV D u u u
d
R

βV∂
∂

= ∇ = (∂ | − ∂ | ) = − −T T n n i
2 − + 0

(18)

where d0 is the capillarity length and β is the kinetic coefficient which
relates the local interface temperature Ti to the local interface speed. K-
R propose a double well function with minima at ϕ = − 1 (liquid) and
ϕ =+ 1 (solid) using the following expressions for f g h, ,
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where the variational choice h ψ g ψ( ) ∝ ( ) and the additional constraint

h h(+1) − (−1)
2

= 1
(22)

are imposed in order to guarantee that the correct amount of latent
heat is produced/consumed at the moving interface. The sharp inter-
face limit fixes the λ value in Eq. (16) as the one satisfying the following
equation

⎡
⎣⎢

⎤
⎦⎥β a τ

λW
a W

D
= −

T
1 2

(23)

with a = 0.88391 and a = 0.39812 while d a W λ= /0 1 [17]. Please note that
a non linear relation between V T( )i and the moving interface tempera-
ture ui (e.g. Fulcher-Vogel type expressions [3]) can be easily im-
plemented deriving a function λ V T[ ( )]i from β V T[ ( )]i with the use of the
expression (23).

Thus, the explicit forms of Eqs. (14) and (15) are
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or for the absolute temperature T
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where K is the heat conductivity. Equivalent phase field formulations
can be found in the literature, which can be derived from the K-R one
by means of transformation of the phase function. For example the
phase field formalism of Wheeler et al. [2,18] practically coincides to
the K-R one when the transformation

ϕ ψ= + 1
2 (27)

is performed in the previous equations. We obtain
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which represents a phase field formulation which starts from a free
energy density of the form

f ϕ ϕ ϕ( ) = − (1 − )∼ 2 2 (33)

and
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3. Anomalous impurity redistribution during a melting LA
process

Ultra fast melting and subsequent solidification, induced by pulsed
laser irradiation of ion implanted semiconductor samples, promote
concurrent non-equilibrium phenomena leading to a significant mod-
ification of the micro-state of these systems. In particular: the
implantation damage is healed if the melting involves the whole
implanted region, impurities redistribute due to the high diffusivity
in the liquid state, the rapid crystallization traps a high density of
impurities in (active) substitutional crystal sites. Although, this com-
plex kinetic evolution has been consistently modelled in several cases,
integrating diffusion-segregation models in the phase field formalism
[3,18], the diffuse impurity chemical and active profiles show systema-
tic anomalies needing additional theoretical development and formal-
ism refinements. In this section all these issues will be discussed.

3.1. Non equilibrium impurity trapping

The kinetic states of diluted alloys in solid and liquid phases are
completely different, whereas thermal fluctuations promote long range
migration in the liquid phase whilst vibrations and related activated
short range jumps rule atom redistribution in the solid phase. As a
consequence the impurity diffusion coefficient jumps many orders of
magnitude (e.g. from D ∼ 10l

−4 to D ∼ 10 cm /ss
−12 2 ) from the liquid to

the solid regions of an evolving solid-liquid system. The two phases are
in contact during a solidification phenomenon and the solid-liquid
interface marks a boundary between these regions where atoms
dynamically transit between these two kinetic states, and the local
alloy (impurity) density changes at the two sides of the interface. As a
consequence a fundamental parameter is the partition coefficient kp

defined as the ratio between the impurity density k c c= /p
s l at the two

sides of the interface. As we will discuss in the following kp can strongly
depend on the particular solidification evolution; however, in quasi-
equilibrium conditions for an ideally dilute alloy the partition coeffi-
cient assumes a constant value k k⟶p

e
p which can be derived from the

phase diagram of the binary system under study in the c⟶0 region
(see Fig. 1). For the case of negative derivatives of the liquidus and
solidus lines, which is the typical situation of doped Si and Ge samples,
a less then unity k < 1e

p is obtained.
In the case of solidification which ends at a particular boundary

(e.g. the material surface or the interface with a solid material with
higher melting point), the combined effect of the high diffusivity in the
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liquid region and the k < 1p value of the partition coefficient is the
progressive accumulation of the impurity close to the boundary (i.e. the
formation of the so called segregation peak). Assuming the quasi-
equilibrium condition we could model this dopant redistribution using
a Fick-like diffusion model with a moving boundary

c
t

D c in Ω∂
∂

= ∇s solid
2

(35)

c
t

D c in Ω∂
∂

= ∇l liquid
2

(36)

c c k c on Ω c c on Ω= = ∂ = ∂s e
p

l solid l liquid (37)

Where Ωsolid and Ωliquid are the solid and liquid domains while Ω∂ solid
and Ω∂ liquid are their evolving internal boundaries whose evolution can
be, for example, simulated by means the phase field model.

The limiting case is the redistribution of marker atoms of the same
substrate, e.g. implanted 30Si in 28Si substrate [19], in this case k = 1e

p

is expected.
The LA processes for the case of laser pulses in the range of 10−7 s

or less induce solidification speeds of the order of fews m/s which are
away from the quasi-equilibrium conditions. In this case the impurity
trapping phenomenon occurs, which causes a more efficient incorpora-
tion of the impurity in the solid semiconductor lattice with respect the
equilibrium limit given by kpe . This phenomenon has been system-
atically studied experimentally [20–25] and consistently modelled by
means of Kinetic Lattice Monte Carlo (KLMC) simulations of the
solidification in the canonical statistical ensamble at an under-cooling
condition T T TΔ = −u c i m− with T T<i m [26].

This method simulates the solidification as a statistical sequence of
Monte Carlo events occurring at the solid-liquid interface where atoms
transit from the liquid phase (i.e. a L-site) to the solid one (i.e. an S-Site
of the lattice under study) and vice-versa. The “actual” transition is
stochastically selected in the list of “possible” transitions according to
its own probability ruled by a bond counting energetic. Consequently
the transition probability of a solid to liquid event is [26]

P P n Φ Φ k T= × exp[− ( − )/ ],SL S s l B0 (38)

where nS is the number of bonds which the interface site forms with
atoms in the solid phase, Φs is the bond energy when the bond is
formed by two atoms in the solid phase and Φl is the bond energy when
one of the two atoms forming the bond is in the liquid phase. Similarly,
the transition probability of a liquid to solid event is

P P S k= × exp[−Δ / ]LS B B0 (39)

where S k Φ Φ k TΔ / = 2( − )/B B s l B m is the entropy of fusion and Tm is the
melting point. For a silicon crystal Tm=1688. The value of bond
difference for Si is Φ Φ eV− = 0.96s

Si Si
l
Si Si− − [27], while the probability

pre-factor is calibrated by correlating the simulated interface speed
with the experimental interface speed Vsl(T) as a function of tempera-
ture (i.e. the undercooling) [28].

In order to study non-equilibrium trapping, Φs values have to be
calibrated for the binary system under investigation in order to
consider the Si-Si (or Ge-Ge) bond Φs

Si Si− , the Si-X impurity bond
Φs

Si X− and the impurity-impurity bond Φs
X X− [29]. The impurity

diffusion in the liquid region can be considered by means of a random
jump sequence where the jump frequency is derived from the known
diffusivity values of X in the liquid phase.

A snapshot of a KLMC simulation, obtained after t ns∼ 8 of
simulated evolution of an under-cooled partially-molten Si system,
(T=1660 K) is shown in Fig. 2 for an impurity parametrized by
k = 0.05e

p and D = 2. 10l
−4 (similar values are obtained by impurities

like In or Sb in Si). Impurities accumulate in the liquid region as effect
of the segregation and analyzing the simulation the effective partition
coefficient k V T[ ( )]p

sl (V T K m s( = 1660 ) ∼ 3 /sl in Si) can be calculated by
the average ratio of the impurity density levels estimated by the KLMC
simulations at the solid and liquid sides of the interface.

Calibrated KLMC simulations give reliably the non-equilibrium
impurity trapping effect in a good agreement with the known experi-
mental data [20]. The calculated partition coefficient k V T[ ( )]sl is shown in
Fig. 3 for three different impurities in Si (please note the β variable
reported in Fig. 3 is an adimensional parameter proportional to Vsl(T)). It
is worth to note that k V T[ ( )]sl monotonically increases with the interface
speed starting from the equilibrium value k k V T T= [ ( ≃ ) ≃ 0]e

p
sl M and

asymptotically reaches the limit value k V T m s[ ( )⪢1 / ] = 1sl .

3.2. Phase field models of impurity trapping and full LA simulations

Phase field models show a strong potential for the accurate
simulation of the non-equilibrium solute trapping. The reference
formalism has been developed in the papers of Ahmad et al. [18] and
specifically applied to the complete simulation of LA processes of Si
and Ge implanted samples in the papers of La Magna and co-workers
[3,4,10]. The progressive reduction in the impurity (solute) density
change across the interface as the solidification rate increases, beyond
the value predicted by equilibrium thermodynamics, is not included as

Fig. 1. Derivation of the equilibrium partition coefficient from the phase diagram for a dilute alloy. The phase diagram for the Boron-Silicon alloy is shown in the right panel whilst a
schematic for generic alloy is zoomed in the left panel. Solid, Liquid and coexistence regions are indicated and separated by the liquidus and solidus lines. For an under-cooling
temperature close to the melting point T T< m and slow regrowth speed vls, k

p
e is the constant maximum ratio between the densities at the solid and liquid sides of the interface. Russian

Journal of General Chemistry, Thermodynamic Properties and Phase Equilibria in the Si-B System, 72, 2002, A. I. Zaitsev, with permission of Springer.
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an external calibration as in the case of the traditional sharp-interface
description (see Eqs. (18) and (35)) with k V T[ ( )]sl instead of kpe . Indeed,
the trapping is recovered directly by the model's solutions whereas its
parameters are kpe and the impurity diffusivity as a function of ϕ and
T. Moreover, the formalism also considers the energy dissipation in the
phase boundary region resulting in a solute drag [18].

Following the derivation of Ref. [18] we can extend the Eq. (33) in
the case of a dilute solid solution of a dopant X in the host substrate S,
as a linear superposition of the two terms, FS and FX, related to the two
species plus a term related to entropy of mixing, i.e [2]:

F ϕ T c c F ϕ T cF ϕ T kT
v

clnc c ln c( , , ) = (1 − ) ( , ) + ( , )++ [ + (1 − ) (1 − )],S X
m

(40)

where vm is the solvent (substrate) molecular volume. This term

produces a further variational equation for the impurity density c
which adds to the phase field model [18]:

⎡
⎣⎢

⎤
⎦⎥

c
t

M c c δF
δc

∂
∂

= ∇ (1 − )∇ .2
(41)

where the positive parameter M2 is related to the interface and solute
mobility. After a proper rescaling of the microscopic parameters in
terms of the thermodynamical ones, the following diffusion-segregation
equation is derived for the impurity density

c
t

D ϕ T c D ϕ T ln k c c d ϕ ϕ∂
∂

= ∇[ ( , )∇ ] − ( , ) ( )∇[ (1 − ) ( )∇ ],e
p

(42)

where d ϕ δf δϕ( ) ∝ / is related to the specific phase field functional used
and D Φ T( , ) is the phase and temperature diffusivity [30,31]. The
diffusivity functional satisfies the obvious constraint
D Φ Φ T D T( = , ) = ( )solid s and D Φ Φ T D T( = , ) = ( )liquid l and its depen-
dency on the phase rules the non equilibrium segregation behaviour
[3,18].

In Fig. 4 an example of phase field simulation results in Si are
shown for a ∼30 ns laser pulse (simulation and experimental details are
reported in Ref. [3]) and compared with experimental profiles mea-
sured by Secondary Ion Mass Spectrometry (SIMS). The initial system
is an implanted Si (As at 30 keV 7° tilt, 30° twist angles to a dose of
1015 ions/cm2) with uniform T T= in=450 °C (k = 0.3e

p for As in Si).
The simulations reveal the liquid-solid boundary evolution with a

varying speed depending on the driving space and time dependent
thermal field [3]. During melting, the impurity redistribution is ruled
by the large diffusivity in the liquid phase and by the boundary motion
which limit the diffusion (impurities practically do not diffuse in the
solid phase during the process). In the regrowth stage (the s-l interface
speed Vsl is m s∼2 / in this case) the non-equilibrium segregation
phenomenon, which determines the impurity density incorporated into
the solid phase. Since the c c/ < 1s l the simulated profiles show a peak at
the surface (see Fig. 4). Anyhow, due to the non-equilibrium trapping,
the impurity density accumulating at the surface is significantly smaller
when compared with that obtained by simulations reproducing quasi-
equilibrium conditions (V ∼ 0sl and c c/ = 0.3s l ) [3].

3.3. Anomalous redistribution of impurities in group IV elements in
melting LA processes

In the last decades ultra shallow junctions (e.g. junction depth
≤50 nm) in semiconductors have been fabricated and experimentally

Fig. 2. Snapshot of simulated KLMC evolution of the re-growth of a doped Si system at
T=1660 K. Only impurity atoms are shown.

Fig. 3. Effective partition coefficient in Si for various impurities as a function of the
solidification speed: KLMC results and experimental data. Reprinted from Journal of
Crystal Growth, 264, Kenneth A. Jackson, Constitutional supercooling surface rough-
ening, 519–529, 2004, with permission from Elsevier.

Fig. 4. As profiles after single pulse LA processes in the case of a∼30 ns wide laser pulse.
SIMS profiles points and (thin lines) simulated profiles (thick lines). The density peaks at
the surface due to the non-equilibrium segregation cannot be observed in the experi-
mental profiles due to the resolution limit of SIMS (∼10 nm) close the surface. Data from
La Magna et al. Ref. [3].
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analyzed in view of the possible application as a manufacturing process
of scaled nano-electronic devices. This research has revealed diffusion-
segregation phenomena which cannot be understood using the non-
equilibrium kinetic theory for dilute alloys discussed in the previous
subsection. In particular, anomalous peaks close to melt depth region
(see for example Fig. 5) are systematically observed in shallow profiles
of implanted Si-X and Ge-X (X=B, P and As) alloys after LA
[32,33,6,8]. Comparing the shapes of simulation profiles in Fig. 4
and the ones in Fig. 5, we can conclude that the observed effects cannot
be revealed by the non-equilibrium trapping theory. Indeed, even when
the limit value of k ⟶1p is achieved, the eventual result is the absence
of segregation peaks at the surface (see e.g. the green solid line
obtained using kp=1, which can be compared to the experimental
profile in Fig. 6).

Phenomenological models have been proposed [33,34] to fit
experimental data. They are based on transient “boundary free”
dependence for kp to be determined by fitting the profile. Within these
models kp takes the equilibrium value kpe at the very beginning of the
crystal re-growth, then increases to a fitting value k > 1trans

p in a
transient stage and then achieves a value k < 1p in the last stage of
the solidification until the solidification is completed.

Actually, this phenomenological description, based on k > 1p for
alloys with k < 1e

p contradicts the non-equilibrium segregation models
discussed in 3.1, which in turn have been developed in a general
framework of the theory of the non equilibrium phenomena and, in
addition, are consistent with the KLMC atomistic simulations. In
particular, Kaplan et al. [35] have demonstrated that the so called
continuum growth model [20,36] (giving the limit behaviour of k ⟶1p

for V⟶∞ with boundaries k k≤ < 1e
p p ) satisfies the Onsager's reci-

procity relations [37,38] for the irreversible processes. k > 1p for an
alloy with k < 1e

p implies an effective inversion of the solidus and
liquidus lines in the original equilibrium phase diagram (see Fig. 1),
which is difficult to derive in the framework of the theory of the
irreversible processes.

An alternative model has been proposed in the ref. [5], which does
not involve the segregation behaviour at the solid-liquid boundary and
derives the anomalous redistribution of the impurities as an indirect
effect of their diffusion mechanism in the liquid semiconductor. The
underlying assumption on the basis of this diffusion mechanism is the
presence of two states, with proper bonding configuration, for the
solute atoms dissolved in the liquid semiconductor. These states,
characterized by strongly different mobilities, are in a dynamic
equilibrium ruled by the local temperature.

The presence of more bonding configurations of the impurities is
correlated to the atomic structures of l-Si and l-Ge [39–41] showing a
mixed and fluctuating covalent + metallic bonding characters: The
state with low (high) diffusivity should locally trigger the formation of
covalent (metallic) bonds for the surrounding Si atoms. The balance of
these two components of the solute density gives rise to a globally non-
fickian diffusion of impurities in l-Si(Ge) which, as we are going to
discuss, explains their anomalous redistribution. The diffusion model is
formulated in terms of the following equations [5]:
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where DHD and DLD are the impurity diffusivity in the higher and
lower diffusivity state in liquid phase. cHD and cLD are the corre-
sponding concentrations. R T( ) is the average (equilibrium) ratio
between low and high diffusivity states at constant T. Please note that
for non-equilibrium processes the temperature in the liquid phase is
not, in general, restricted to T T> m. Molecular Dynamics simulations of
ref. [41] have demonstrated that a covalent bond component in l-Si
prevails in the under-cooled liquid state and causes a strong reduction
of the l-Si self-diffusion. Consistently we can deduce that impurity
atoms in the lower diffusivity state dominate the migration in under-
cooled regions and R T( ) > 1, whilst R T( ) < 1 for T well above the
melting point and atoms in the higher diffusivity state characterize the
impurity kinetics. In the solid phase metallic bonds are not present and
D D D= =sol sol

HD
sol
LD [30]. kτ is a rate coefficient controlling the transition

between the two states which should be also related to the rapidity of
the bonding order fluctuations in l-Si and l-Ge. Its value has been
generally fixed as a constant [5,6], although a T dependence can be
derived when additional data will be available for more refined
estimates of the model parameters.

Fig. 7 for the 2.3 J/cm2 laser fluence case (the pulse is shown in the
inset of Fig. 6), shows in detail how pile-up close to the maximum melt
depth region could arise from the diffusion model of Eqs. (43)–(45).
The simulation starts from the as implanted B profile in Si of Fig. 6 (B
3 keV energy, 5 × 10 cm14 −2 dose, black circles in the figures).

The temperature field (Fig. 7 green solid line) identifies under-
cooled and non-undercooled regions of l-Si and helps in the different

Fig. 5. Example of ultra shallow boron profiles measured by SIMS obtained by LA in the
melting regime of low energy implants of B in Si. Anomalous peaks at the maximum
depth are observed. Reprinted from Ong, Pey, Lee, et al., Dopant distribution in the
recrystallization transient at the maximum melt depth induced by laser annealing, Appl.
Phys. Lett. 89, 172111 (2006), with the permission of AIP Publishing.

Fig. 6. SIMS (green squares) B profiles obtained after a post-implantation (as implanted
is shown as black squares) laser irradiation at 2.0 J/cm2. Simulation profile assuming
kp=1 is shown as thick green lines. In the inset the laser pulse is plotted. Data from
Fisicaro et al. Ref. ([5]). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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evolution stages. Dopant atoms in the lower diffusivity state are
strongly favoured in regions with T T< m whilst atoms in the higher
diffusivity state characterize the impurity kinetics in the stable liquid
regions. For the laser irradiation conditions considered the melt depth
is greater than the dopant region and during the melting stage (upper
panels of Fig. 7) the majority of the dopant atoms (71%) reside in their
high diffusivity state as the temperature is significantly above the Si
melting point. During re-growth the dopant atoms are shifted towards
the solid/liquid interface (lower panels of Fig. 7, blue lines), due to the
presence of the under-cooled phase which favours the B state with low
diffusivity and a large density gradient of the high diffusivity compo-
nent (red lines). As a consequence a net migration of impurity atoms
from left to right (in the panel) is the combined result of the two-
component evolution which causes the pile-up. Temperature-depen-
dent diffusivity in the liquid phase is an obvious consequence of the
two-state model. However, the anomalous redistribution is an addi-
tional effect being the impurity pile-up mechanism inherently related
to the local un-balance between states with high and low mobility.

Comparisons between the model's prediction of diffusion profiles
and B density profiles measured by SIMS in implanted Si (B 3 keV
energy, 5 × 10 cm14 −2 dose, black circles in the figures) after single
pulse LA processes at different energy densities are shown in Fig. 8.
The post-LA B profiles predicted by the diffusion model (solid lines in
Fig. 8) are in satisfying agreement with the experimental ones. A
similar agreement between theoretical predictions and experimental
profiles is revealed for the multi-pulse case when a saturation of the
pile-up tendency is observed (for a detailed discussion see Ref. [5]).

The high temperature value used in the simulation R T( ) = 0.4 for T T⪢ m
is very similar to the ratio of covalent/metallic bonds ∼0.42 in l-Si
calculated by Štich et al. [39] by means of Car-Parrinello molecular
dynamics simulations of molten Si. The l-Si boron diffusivity in the
high (low) diffusivity state was found to be D = 3.3 × 10 [cm /s]B

HD −4 2

(D = 6.6 × 10 [cm /s]B
LD −5 2 ). Note that the experimental value of the B

diffusivity in the stable non-undercooled l-Si D = 2.4 × 10 cm /s−4 2 [31]
is revealed by the two-state model in the case of a uniform ratio of the
two components.

As already stated, pile-up after LA occurs also in implanted Ge as
shown by the SIMS profile after LA from the analysis of Fig. 9, where
post-LA B profiles in Ge are plotted. In this case the dopant
redistribution is also affected by the tendency of B atoms to aggregate,
not considered in the model, due to the low solubility of B in l-Ge,
which also contributes to pile-up formation and peculiar profile shape.
The B cluster formation in l-Ge explains the difference between
simulated and measured profiles.

4. Activation, ripening-less large defect formation and non
conventional I loops

Segregation and impurity trapping phenomena during re-crystal-
lization induced by LA lead to an almost ideal solid solution of
impurities in Si and Ge, where solute atoms are located in active sites.
As a consequence, for a melting LA process the activation mechanism is
tightly related to these phenomena. However, LA is also interesting for
applications where melting is not induced or where both melting and
high temperatures are applied to process the samples. A typical
example of the latter application is the formation of p-n junctions
where implanted impurities closer to the surface are activated by
segregation from the liquid phase whilst impurities with opposite
charge state implanted in depth are activated by the thermal budget
[9]. During a thermal annealing process, solid phase activation of
implanted impurities is the result of the complex evolution, at atomic
level, of the defects (generated by the implantation) and the impurities.
In the past decades the interaction between defects and dopant atoms
in semiconductor substrates has attracted an intense research effort;
and, for the case of conventional thermal processes (uniform tempera-
ture, s∼ process duration), the transient phenomena (including diffu-
sion) [42] controlled by the defect-impurity kinetics have been satisfy-
ingly understood and accurately modelled [43]. In particular, the defect
stability and their atomic structure as a function of the size have been
deeply investigated since defect clusters and extended defects of

Fig. 7. Dopant evolution during the laser irradiation processing (2.3 J/cm2). The time
after the start of the pulse is indicated for each snapshot. Plots in the upper (lower) panel
refer to the melting (re-growth) stage. The boron concentration is indicated by the green
line, the HD and the LD components by the red and blue lines respectively. Data from
Fisicaro et al. ref. ([5]). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.).

Fig. 8. SIMS (squares) and simulated (by means of the two-state model Eqs. (43)–(45),
solid lines) B profiles obtained after single pulse laser irradiations at 2.0 (green), 2.3
(blue), and 2.6 (red) J/cm2 energy densities. Multi-pulse case (5 pulses) is shown as
orange curves. The value of k s= 1.0 × 10 [ ]τ 7 −1 is used. Data from Fisicaro et al. ref. ([5]).

(For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 9. Implanted boron profile in Ge (1015 B/cm2 at 20 keV) after LA (630 mJ/cm2) for
1 (red continuous line) and 10 pulses (blue dotted line). B profiles simulated with the two
state model are also reported (1 pulse red triangle, 10 pulses blue crosses. Data from
Impellizzeri et al. ref. [6]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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different morphologies characterize the evolution of the implantation
damage and its interaction with the impurity field, whereas the growth
of larger defect aggregates occurs at the expenses of the smaller ones
(Ostwald ripening) and is the main underlying mechanism of this
evolution [44,45].

This experimental and theoretical assessment cannot be easily
extended when the thermal process is induced by sub-μs laser
irradiation, since huge thermal gradients and ultra fast heating/
quenching drive the defect-impurity system to strongly dynamic and
non equilibrium conditions. In order to highlight with a single example
the differences, we note that a remarkable effect of the laser localized
and transient annealing is the dopant activation without diffusion in
the solid phase [32,33,9], whilst activation after the transient enhanced
diffusion is the characteristic phenomenon in the case of conventional
annealing [42].

In this section we review the results of recent studies on the ultra
fast kinetics of the defect-impurity systems in semiconductor induced
by LA.

4.1. Extension of the kinetic monte carlo method to full la processes

The kinetic Monte Carlo (KMC) method permits the accurate
simulation of the kinetics in defect-impurity systems at the mesoscopic
scale for long annealing time and uniform temperature [44,45]. An
extension of this method has been applied for the simulation of LA
processes, characterized by highly non-uniform thermal fields (tem-
perature typically drops by a hundred degrees over a few tens of
nanometers) as well as by phase changes when melting takes place
[12,46]. A key feature of this method is the coupling of the cited KMC
formalism with the phase field model (PF-KMC) which predicts the
temperature and phase evolution in irradiated samples, where the main
modification of the KMC approach is the occurrence of local event rates

ν ν e= × E ϕ kT
0

− ( )/ (46)

where E ϕ( ) is the activation energy, while the temperature and phase
T(t, r), ϕ(t r) are space and time dependent variables.

The Monte Carlo particles are Interstitial- (I) and Vacancy (V)-type
defects (point defects and aggregates), dopant atoms residing in a
substitutional (i.e. active) position Xs and their complexes with defects,
i.e. dopant-interstitial and dopant-vacancy clusters [47]. According the
usual KMC assumptions the mobile particles are the I and V point
defects as well as the XI and XV complexes (one dopant atom bounded
to one I or V point defect), while defect clusters Im and Vm as well as
the dopant-defect cluster X In m X Vn m (a cluster formed by n dopant
atoms and m defects) can only absorb or emit mobile particles [43].
The Monte Carlo event table is represented by the following chemical-
like reactions:

I V+ ↔ 0 (47)

I I I+ ↔m m+1 (48)

V V V+ ↔m m+1 (49)

I V V+ ↔m m−1 (50)

V I I+ ↔m m−1 (51)

I X XI+ ↔s (52)

V X XV+ ↔s (53)

I X I X I+ ↔n m n m+1 (54)

V X V X V+ ↔n m n m+1 (55)

V X I X I+ ↔n m n m−1 (56)

I X V X V+ ↔n m n m−1 (57)

XI X I X I+ ↔ .n m n m+1 +1 (58)

XV X V X V+ ↔ .n m n m+1 +1 (59)

XV X I X I+ ↔ .n m n m+1 −1 (60)

XI X V X V+ ↔ .n m n m+1 −1 (61)

Xn complexes can eventually form and annihilate only through the
interaction with the mobile particles. The parameter calibration should
extend the assessment on migration and complex energetics
[47,45,48–50,43,51] applied with success in the case of conventional
annealing to temperatures close to the melting point. The case of the B
in Si is presented and critically discussed in Refs. [12,46] (in this case
vacancy-impurity complexes are unstable). In the liquid state free and
clustered defects annihilate whilst dopant atoms are formally posi-
tioned in a substitutional state Xs in the liquid phase and during the
segregation.

In Fig. 10 is an example of PF-KMC simulation for two possible
choices of the calibration parameters (the pulse is shown in Fig. 6,
whilst a detailed discussion is reported in Ref. [12]). The analysis
focuses on the residual I-type defect after a melting LA process. It is
noteworthy that a relatively high density of residual defects after the
process is predicted by the PF-KMC simulations. Moreover, the results
show a cluster size distribution limited to the small size region (the
density of cluster with size larger than 10 I is negligible) for this sub-μs
irradiation process. A residual high local density of V-type defects is
also evidenced by the simulation [12]. We would like to mention that
KMC approaches, implementing similar calibration parameters for the
event rates, predict the formation of extended defects for the case of
conventional thermal annealing [43].

4.2. Diffusion less activation in solid phase during LA processes: the
B-Si system

Impurity diffusion in the solid phase is negligible for sub-μs LA
processes and only activation (i.e. the local modification of electro-
chemical potential) shows a relevant dynamics [32,33,9,52]. The PF-
KMC method presented in the previous subsection could simulate the
activation dynamics, computing the portion of the dopant chemical
profile (not showing diffusion) corresponding to substitutional impu-
rities Xs. In Figs. 11 and 12 examples of these simulation results are

Fig. 10. Simulated interstitial density in implanted Si (P energy 200 keV and dose of
1014 cm−2) after room temperature evolution during implantation (empty squares) and
one-pulse (filled squares) laser irradiation of 2.6 J/cm2 laser fluence obtained by means
of the KMC code. Dashed lines refer to PDE simulation for the same process carried out
with two different calibration for the cluster dissolution rates. Dark, red (dark gray), and
green (light gray) lines refer, respectively, to distributions of clusters formed by two,
three, and four defects. Reprinted figure with permission from Fisicaro et al., APS
Physical Review E, 86, 2012. Copyright 2016 by the American Physical Society. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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shown (again for the laser pulse in Fig. 6) for a non melting and partial
melting process of B implants (30 keV energy, 1 × 10 cm15 −2 dose,
projected range R nm∼ 120p ) in Si respectively (a full description of
the methodology is reported in Ref. [46]). Initial state of the impurity-
defect system after the implant is calculated by means of coupled KMC
+Binary Collision Approximation (BCA) simulations at room tempera-
ture [12].

The heat released by the irradiation in the solid phase causes a local
displacement of boron atoms in substitutional lattice sites as well as the
formation of immobile aggregates with interstitial defects (i.e. BICs).
Moreover, transient thermal budget activates the aggregates' dissolu-
tion which increases the overall activation by means of the inverse
reaction of Eq. (52).

Figs. 11 and 12 report the boron component stored in the B In m
clusters for all the cited laser irradiation conditions. The maximum
melt depth (evidenced by the anomalous segregation peak) is about
150 nm. Comparing the Bs and B In m densities in regions (z nm> 150 )
where the samples remain solid for both the 1.5 to the 2.6 J/cm2 cases,

we can observe a pronounced decrease of the local density of BICs with
the increase of the laser fluence and the related thermal budget.
Anyhow, a saturation of the local activation efficiency has been
observed in the melting process with the increase in fluence [46].
Moreover, the PF-KMC code shows also a rapid activation saturation
with the increase of the shot number (not shown here, see ref. [46] for
the details) in agreement with the experimental analysis. These results
indicate that the formation of stable boron-interstitial aggregates limits
the solid-phase activation efficiency during the laser-induced kinetics
in the presence of a highly-damaged crystalline matrix. Similar large
local density of defects and similar I cluster size distribution as that
reported in Fig. 10 is obtained in this case.

Simulation results are compared in Figs. 11 and 12 for validation with
experimental chemical (SIMS) and electrically active profiles. Chemical B
profiles have been analyzed by means of SIMS, while the electrical
activation has been evaluated experimentally both on a qualified SSM150
spreading resistance profiling (SRP) system and a electrochemical
capacitance-voltage (ECV) equipment. In general the simulation predic-
tions are correctly validated by the experimental analysis (especially for
the ECV results) which demonstrates significant activation levels are
reached in all annealing conditions. The discrepancy between the
activation levels extracted by means of the ECV and SRP for the non
melting case has been explained considering the measurement peculia-
rities in the presence of a highly defective matrix [46].

The satisfying results of the PF-KMC method for the particular non
equilibrium condition provoked by LA could suggest that the theore-
tical framework of defect-impurity system kinetics is substantially
correct. We would like to outline the main assumptions of this
framework: a) separated channels for the I-type and V-type defects
which interact only by annihilation reactions (see Eqs. (47)–(61)), b)
Ostwald-type ripening mediated by monomer diffusion and driven by
the stability of larger defect aggregates with respect of smaller ones, c)
no significant role of the structural rearrangement in different complex
morphologies (e.g. small cluster, 311-type defects, dislocation loops;
see [53] for a critical discussion on this issue) during the ripening
phenomenon, d) high stability of small defect-impurity complexes. A
direct extension of this scenario is assumed in the PF-KMC method
(with the relevant modification of the inclusion of local temperature
and phase) and the same calibration carried out for uniform tempera-
ture annealing is used. PF-KMC simulates activation in agreement with
experiments as the result of competitive events: namely dissolution/
capture events of the mobile BI from/by a B In m complex and its
diffusion in the highly damaged crystalline matrix before being
promoted in to the Bs state by the I release. Anyhow, stark differences
between theoretical and experimental scenarios emerge when micro-
structure of the defect system are analyzed by transmission electron
microscopy (TEM) as we will discuss in the next subsection.

4.3. Ripening-less formation of large (001) I loops during LA

PF-KMC simulations indicate that a highly damaged crystal should
emerge after LA processes of implanted semiconductor samples in a
non melting condition. According to the implemented model scheme,
the damage is represented by a huge density of point defects and small
defect clusters; moreover a strongly incomplete annihilation of the I
and V components is predicted. Impurities are activated by the
irradiation but the activation efficiency is strongly influenced by the
co-presence of the defects.

The microstate of this highly damaged crystal can be experimentally
characterized by advanced microscopy techniques. Fig. 13 shows
results obtained by Atom probe tomography (APT) for the same sample
(processed at 2.6 J/cm2

fluence) whose activation is analyzed in
Fig. 12. The APT measurements are performed in a selected volume
below the melt depth (i.e. in the region where solid phase activation
occurs). No large B-only clusters or loops decorated by B atoms are
evidenced by the APT. However, the quantitative statistical method

Fig. 11. Activated boron profile measured by Spreading Resistance Probe (red solid line)
and electrochemical capacitancevoltage (red filled squares) in post-implanted Si samples
(B 30 keV energy dose of 1015 cm−2 as implanted profile is the black line) after a one
pulse laser process at 1.5 J/cm2 laser fluences. Empty red squares refer to the simulated
substitutional boron atoms, while empty blue squares are simulated boron atoms in
boron interstitial cluster. Data from Fisicaro et al. ref. [46]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 12. Activated boron profile measured by Spreading Resistance Probe (red solid line)
and electrochemical capacitance voltage (red filled squares) in post-implanted Si samples
(B 30 keV energy dose of 1015 cm−2 as implanted profile is the black line) after a one
pulse laser process at 2.6 J/cm2 laser fluences. Empty red squares refer to the simulated
substitutional boron atoms, while empty blue squares are simulated boron atoms in
boron interstitial cluster. Data from Fisicaro et al. ref. [46]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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applied to the distance distribution between the first nearest neighbor
atoms reveals that boron atoms are not in a perfect solid phase
solution, indicating that there is a clustering trend and the ratio
between the clustered and free component are in a reasonable
agreement with the PF-KMC results reported in Fig. 12.

In spite of this evidence, which is consistent with the presence of a
clustered component of B trapped in small BICs as the PF-KMC
simulations predict, the TEM analysis using weak-beam dark-field
(WBDF) imaging conditions clearly shows that I-type defects are
instead large I-type loops containing thousands of interstitials [15].
These loops are not related to the boron presence, as the results
reported Fig. 14 obtained after Si+ implantation demonstrate. Here
implantation conditions are chosen to generate similar initial damage
as the B+ implants. The fact that the residual damage after the LA
process is dominated by extended defects is not the only peculiar
finding. Even more surprising is the atomic structure of these defects,
since WBDF-TEM indicate that the vast majority of defects (almost
100% for the sample in Fig. 14) consist of (001) dislocation loops (DLs)
instead of the conventional and well studied I-type loop with {111}
Burgers vector. High Resolution TEM (HRTEM) images (see the inset
in 14) of an area containing a loop seen with its habit plane being
perpendicular to the image plane clearly show that the defect consists
of an additional plane of atoms parallel to the (001) plane.

{111} I-type dislocation loops are extremely stable and are ubiqui-
tously recovered as the final stage of the Ostwald ripening process of
interstitial defects in Si during the conventional thermal process.
Moreover, their formation energy is significantly smaller than the

formation energy of the (001) loops as is shown in Fig. 15. As a
consequence the occurrence of (001) DLs is not expected as the result
of rearrangement of the I-type defects in stable aggregates.

An explanation of this result has been proposed in terms of the
inversion of the relative stability of the two classes of loops in the
presence of external stress [1,15]. Indeed, the damaged region is
subjected during the irradiation to a relevant transient biaxial stress
in the xy plane parallel to the surface as a consequence of the high
temperature gradients provoked by the irradiation. The inset of Fig. 15
shows the stress variation as a function of annealing time calculated at
a depth of 100 nm for the case of a Si sample irradiated at 1.5 J/cm2

(the pulse is shown in Fig. 6). This transient stress is calculated by
means of the linear thermo-elastic theory based on the fast varying
thermal field computed by the phase field model [15]. A maximum
compressive stress σxx or σyy ∼1 GPa is evaluated after 200 ns. The
biaxial compressive stress does not modify the formation energy of
(001) loops since their Burgers vectors are perpendicular to the stress
plane. In contrast, the formation energy of {111} DLs increases under
the applied stress. Fig. 15 shows as a red line, the modification of the
formation energy of the conventional {111} DLs calculated at the time
of maximum compressive stress. For this stress value the formation
energy of {111} loops overcomes that of (001) loops, which should
become under these transient conditions the most stable extended I-
defect configurations.

This argument based on energetic considerations is a plausible
explanation of the experimental results. However, the ultra rapid
evolution of the implantation damage that leads to the formation of

Fig. 13. Distribution of the first nearest neighbor (1NN) distances between B atoms
measured by atom probe tomography (APT) analysis in a volume below the melt depth of
the boron implanted Si sample (B 30 keV energy dose of 1015 cm−2) annealed with 2.6 J/
cm2. The distribution is fitted with a two phase model (solid line). Dotted and dashed
lines represent the distributions related to the solid solution cluster phases, respectively.
Reprinted with permission from Y. Qiu, F. Cristiano, K. Huet, et al., Extended Defects
Formation in Nanosecond Laser-Annealed Ion Implanted Silicon, Nano letters, 14,
1769–1775 2014. Copyright 2016 American Chemical Society.

Fig. 14. Cross section TEM images (surfaces are indicated by the red dashed line) of the Si+ implanted Si sample annealed by (a) 10 pulses at 1.5 J/cm2 (non melting case), (b) 1 pulse at
2.6 J/cm2 (partial melting case above the projected range of the implantation). Scale bar in the inset is 20 nm, (c) 1 pulse at 2.9 J/cm2 (melting case below the projected range of the
implantation). Inset: HREM image of a loop with (001) habit plane. Reprinted with permission from Y. Qiu, F. Cristiano, K. Huet, et al., Extended Defects Formation in Nanosecond
Laser-Annealed Ion Implanted Silicon, Nano letters, 14, 1769–1775 2014. Copyright 2016 American Chemical Society.

Fig. 15. Inset: Stress variation as a function of annealing time calculated at a depth of
100 nm for a laser annealing at a temperature just below the melting threshold. A
maximum biaxial compressive stress of 1 GPa is estimated after 200 ns. Main plot:
Formation energy of {111} and (001) dislocation loops as a function of defect size in the
absence of an external stress (black curves) and in the presence of the calculated stress
induced by LA. The energy of (001) loops does not change when biaxial stress is applied.
Reprinted with permission from Y. Qiu, F. Cristiano, K. Huet, et al., Extended Defects
Formation in Nanosecond Laser-Annealed Ion Implanted Silicon, Nano letters, 14,
1769–1775 2014. Copyright 2016 American Chemical Society.
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this extended defect is still puzzling. Indeed, as PF-KMC simulations
demonstrate they cannot be formed by means of a diffusion mediated
Ostwald ripening process which causes a gradual increase of the
aggregates' average size. Moreover, the successful description of the
ripening phenomenon for I-type defects in conventional annealing
processes (i.e. ∼s time scale) is based on an initial state (i.e. the so
called +1 model where the I density profile coincides with the
implanted impurity profile) emerging after the early stage of the
annealing, whereas the details of the evolution in this early stage are
not relevant at long annealing times. In contrast, in a sub-μs LA
process we should carefully describe at atomic level the ultra rapid
evolution of the defect-impurity system. As a consequence even the
KMC scheme (where free defects and defect aggregates are separated
objects with fixed structure which depend only on the size) could be
insufficient to achieve accuracy for this atomic level kinetics. Indeed,
whilst the predicted high total density of residual defects after LA is
probably correct (see Fig. 11), the formation mechanism of the
observed extended defects could be inaccessible to the PF-KMC
formalism.

Preliminary results obtained with Molecular Dynamics simulations
[54] indicate that highly damaged Si could locally evolve in to (001)
loop configurations in the nanoseconds time scale, where the formation
of stable loops is preceded by a pseudo-amorphous stage. This
ripening-less mechanism is qualitatively in agreement with the experi-
mental scenario. However further experimental and theoretical inves-
tigations are necessary to fully explain the results discussed here.

5. Conclusion

In this paper we present the current understanding of a difficult
investigation subject: i.e. the kinetics of a disordered alloy induced by
transient (in the sub μs time scale) thermal field generated by pulsed
irradiation. In contrast to the study of system evolution at larger time
scale, intermediate stages cannot be experimentally analyzed and this
aspect is maybe the main difficulty in achieving this understanding.
Anyhow, the microstate of as prepared and post-processed systems can
be characterized in detail with advanced measurement techniques and
modeling can, in principle, cover missing knowledge.

We have tried to demonstrate that the systematic investigations
performed in the past ten years have raised issues with the previous
assessment in the case of two important topics: a) the non-equilibrium
alloy segregation phenomenon, b) the mechanism which stabilizes
impurities and crystal damage in the sub μs time scale. This fact is not
surprising since this assessment was achieved for less extreme non-
equilibrium conditions. The controversial experimental findings dis-
cussed here are:

• the anomalous pile up of the solute in the melting process induced
by sub μs LA;

• the diffusion-less activation dynamics during LA;

• the ultra fast formation of extended defects;

• the stabilization of non conventional extended defects.

All the related observations are difficult to categorize using the
schemes used in the case of conventional thermal processes. We have
also discussed the complexity of the modeling techniques which have to
be implemented to simulate quantitatively the kinetics during LA
processes. Indeed, even the basic computational framework requires
a coupled Maxwell and phase field solver with parameters well
calibrated in a broad range of thermodynamic conditions. The model
extensions proposed to explain these findings are based, in general, on
a more accurate description of the system microstate. The modeling
development is not definitive and still improvements are necessary in
terms of completeness of the theoretical framework and accuracy of the
parameter calibration. Several open questions have been clearly
indicated which could be hints and guidelines for future investigations.
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