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Anomalous impurity redistribution after a laser irradiation process in group-IV elements has been

reported in numerous papers. In this Letter, we correlate this still unexplained behavior with the peculiar

bonding character of the liquid state of group-IV semiconductors. Analyzing the B-Si system in a wide

range of experimental conditions we demonstrate that this phenomenon derives from the non-Fickian

diffusion transport of B in l-Si. The proposed diffusion model relies on the balance between two impurity

states in different bonding configurations: one migrating at higher diffusivity than the other. This

microscopic mechanism explains the anomalous B segregation, whereas accurate comparisons between

experimental chemical profiles and simulation results validate the model.
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The tendency to form directional bonds makes Si an
intriguing material when its liquid phase is considered.
Liquid Si (l-Si) is a metal with electrical and optical
properties comparable to other Lennard-Jones metals
(e.g., l-Al), but with a coordination number �6, much
lower than that �12 predicted by (dynamic) close packing
arguments. It is now well understood that the low coordi-
nation number of l-Si is related to the persistence of
covalent bonds in the liquid phase, predicted by atomistic
simulations [1], and recently evaluated by Compton scat-
tering measurements [2]. The persistence of bonds with
tetrahedral character in the liquid phase has also been
consistently related to a series of thermodynamic anoma-
lies (density increase upon melting, nonlinear dependence
on temperature T of density and heat capacity) of l-Si and
other liquids like l-Ge and water.

The emerging scenario for the atomic structure of l-Si is
the coexistence between the conventional liquid metal
states with locally covalently bounded regions which are
continuously formed and dissolved in short time scales.
The temperature dependence of the average fraction of
these fluctuating covalent bonds causes the anomalous
thermodynamic properties of l-Si [3].

The question arises whether local bonding fluctuations
also affect mass transport in l-Si such as self-diffusion and/
or impurity diffusion. Ab initio simulations [4] estimate a
strong decrease of the Si self-diffusion coefficient from
2:73� 10�4 cm2=s to 6:2� 10�6 cm2=s for the change-
over from the stable liquid to the undercooled regime. This
prediction has not yet been proved experimentally and
even less is known on the mechanisms of impurity diffu-
sion in l-Si.

Anomalies of impurity redistribution have been com-
monly observed in Si and Ge that undergo a melting laser
process. A melting process by laser thermal annealing

(LTA) for a time scale of sub-�s is expected to produce
boxlike impurity profiles after a liquid-phase epitaxial
recrystallization of the molten region. This expectation
relies on the high impurity diffusivity in l-Si, which is
about eight orders higher than that in solid Si [5] and on
the k� 1 solid-liquid segregation coefficient of some III
and V group elements such as B, P, and As [6]. In fact, the
experimental impurity profile is usually significantly
different from that predicted. A strong dopant pileup is
commonly observed close to the melt depth region [7,8]. In
this Letter, we propose a two-state diffusion model that
accurately describes experimental B profiles obtained after
LTA. The presence of two B states in l-Si is consistent with
the atomic structure of l-Si.
We have experimentally studied the B redistribution

in Si due to LTA processes in a rather wide range of
conditions. Laser irradiations have been performed
in an implanted Silicon substrate (B 3 keV energy,
5� 1014 cm�2 dose, black circles in the figures). The
samples have been annealed using the EXCICO LTA
system (� ¼ 308 nm) at room temperature, with a pulse
duration of 160 ns and a frequency of 1 Hz for multishot
annealing. Laser energy densities of 2.0, 2.3, 2:6 J=cm2

have been considered in single and multipulse configu-
rations. After implantation and/or LTA, all samples
remain monocrystalline, as verified by transmission elec-
tron microscopy. Chemical B profiles have been ana-
lyzed by means of secondary ion mass spectroscopy
(SIMS).
Figure 1 reports an example of anomalous impurity

redistribution after LTA. The anomaly refers to the appar-
ent against-gradient diffusion process which, as it will be
discussed in the following, cannot be modeled by means of
the Fickian diffusion equation and the conventional segre-
gation effects (k � 1) at the l� s interface.
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In a first attempt, we simulate the B transport during
laser irradiation coupling the Fickian diffusion equation for
the B concentration CB

@CB

@t
¼ r½DBðT;�ÞrCB�; (1)

with a model [9] for the Stephan problem. This model
predicts the time evolution of the thermal field T and the
liquid-solid boundary. The latter can be evaluated within
the phase-field approach by means of a phase function �
which takes different values in the liquid and solid regions
[10,11]. In Eq. (1), DBðT;�Þ is the temperature- and
phase-dependent diffusivity of boron. The discrepancy
between the simulated and the measured density profile
is significant (see Fig. 1 green solid line). The resulting
boxlike profile predicted by this simplified model is
essentially due to the jump of the diffusivity in the liquid
DBliq ¼ 2:4� 10�4 cm2=s [5] and solid phase DBsol ¼
0:87 expð�3:46eV

kBT
Þ cm2=s [12]. The temperature field has

been simulated according to the approach described in
Refs. [11,13] using the experimental laser pulse shown in
the inset of Fig. 1. At the irradiated surface, an outgoing
heat flux proportional to T4 has been implemented while
the room temperature T ¼ 300 K has been fixed on the
outer surface of the wafer.

The extension of the diffusion model Eq. (1), that con-
siders the segregation effect at the l� s interface [13,14]
and the inclusion of the thermodiffusion, does not describe
the experimental results [15]. Indeed, in these case the
segregation coefficient, determining the ratio of the impu-
rity density at the solid and liquid sides of the interface,
varies within the range k0 < kðvÞ< 1; where k0 is the
equilibrium value and kðvÞ grows with l� s interface
speed v and asymptotically reaches the limit 1 value

when v >>1 m=s. As a consequence, by varying the
process conditions, the simulated profiles show no signifi-
cant segregation or the conventional segregation peak at
the irradiated surface. The latter peak is usually visible if
k0 is small (e.g., k0 < 0:1).
Ong et al. report [8] that the anomalous segregation

can be qualitatively described by a position dependent
kðxÞ segregation coefficient where k takes the equilibrium
value k0 at the very beginning of the re-solidification,
then increases to a value ktrans > 1 in a transient stage
and returns to a value k � 1 until the solidification is
completed. These qualitative features can be simulated
using the diffusion-segregation equation developed by
You et al. [16]:

@CB

@t
¼ r

�
DBðT;�ÞCeqð�Þr CB

Ceqð�Þ
�
; (2)

with Ceqð�Þ denoting a phase-dependent equilibrium

concentration. Ceqð�Þ defines the ratio of the equilibrium

concentrations of boron in the different phases. Taking a
value of 1 in the liquid, we assume a value of Ceq ¼
k0ðBÞ ¼ 0:8 in the solid to model equilibrium segregation
[17]. To reproduce adsorption, a 1 nm thick adsorption
layer is defined at the l� s interface with a value of
Ceq > 1. Note that this correction promotes a positive

impurity flux toward the l� s interface. The values of
Ceq and DB in the adsorption layer were used as fitting

parameters. The simulation result shown in Fig. 1 was
obtained with DB ¼ 1:8� 10�7 cm2=s and Ceq ¼ 1:9 in

the adsorption layer.
Although the model of [Eq. (2)] or similar formulations

can fit the impurity profiles for a particular process using
proper choices of the segregation coefficients, the micro-
scopic mechanism causing this anomalous segregation
kinetics of B and other impurities is not known. We hy-
pothesize that the waterlike anomalies of the bonding in
l-Si make unreliable the Fick-law scenario for the impurity
diffusion in l-Si. In particular, we speculate that the bal-
ance between the covalent and metallic local bond states as
a function of T in liquid phase is responsible for the
adsorption behavior of the l� s boundary, which practi-
cally acts as an impurity sink. In order to bring a stronger
supporting argument to this hypothesis, we propose a
modified B diffusion model which is consistent with the
l-Si atomic structure [3].
In our model, we consider the effects of the bonding

state of l-Si on the B migration mechanism; therefore, we
assume in analogy that B atoms can coexist in two different
states, one highly mobile and the other slowly diffusing.
The mobile state is virtually bounded to the metallic zones
while the low diffusivity state is trapped by those Si atoms
forming covalent bonds. The temperature affects the cor-
responding concentrations as the persistence of covalent
bonding depends on T and becomes more relevant in
undercooled l-Si. As a consequence, we model the balance
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FIG. 1 (color online). SIMS (green circles) and simulated
(solid lines) B profiles obtained after a post-implantation laser
irradiation at 2:0 J=cm2. Results obtained with Eqs. (1) and (2)
are reported as green and blue lines, respectively. In the inset the
laser pulse is plotted.
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between the two states by means of rate equations where
rate parameters are T dependent. The model reads

@CB

@t
¼ @CHD

B

@t
þ @CLD

B

@t
; (3)

@CHD
B

@t
¼ r½DHD

B rCHD
B � þ k�ðCLD

B � �RCHD
B Þ; (4)

@CLD
B

@t
¼ r½DLD

B rCLD
B � � k�ðCLD

B � �RCHD
B Þ; (5)

whereDHD
B andDLD

B are the diffusivity of boron atoms in
the higher and lower diffusivity state in the liquid phase.
CHD
B and CLD

B are the corresponding concentrations. k� is a
rate coefficient ruling the transition between the two B
states which should be also related to the rapidity of the
bonding order fluctuations in l-Si. Its value was fixed as a
constant (not null in the melting phase). �RðTÞ is the average
(equilibrium) ratio between low and high diffusivity states
at constant T. When dopant atoms in the lower diffusivity
state are strongly favored (i.e., undercooled regions),
�RðTÞ> 1, while �RðTÞ< 1 when atoms in the higher diffu-
sivity state characterize the impurity kinetics (i.e., stable
liquid regions). In the solid phase, metallic bonds are not
present and DBsol ¼ DHD

Bsol ¼ DLD
Bsol [18].

The designed experiment allows us to follow the dopant
evolution in the wide range of conditions, from shallower
melting processes to deeper ones, necessary for getting a
reliable calibration of k� and �RðTÞ. Solid lines in Fig. 2
represent the simulated B dopant redistribution after one
pulse laser irradiations for all the processed samples. A
satisfying agreement can be found for the against-gradient,
pileup and no-pileup regime. The calibration procedure
gives the value of k� ¼ 1:0� 107 s�1 for the reaction
rate, while in the inset of Fig. 2 the �RðTÞ is shown. The

limit values of �RðTÞ in the deep undercooled and over-
heated regimes are 50.0 and 0.4, respectively. �RðTÞ
switches from 50.0 to 0.4 in a �10 K wide region close
to the melting point.
The extracted high temperature value �RðTÞ ¼ 0:4 is in

agreement with the work of Štich et al. [1] which predicts,
bymeans ofmolecular dynamics simulations ofmolten Si, a
ratio of covalent and metallic bonds �0:42 in l-Si at a
temperature greater than the Silicon melting point. The
l-Si boron diffusivity in the high (low) diffusivity state
was found to beDHD

B ¼ 3:3� 10�4½cm2=s� (DLD
B ¼ 6:6�

10�5½cm2=s�). Note that the experimental value of the B
diffusivity in the l-Si D ¼ 2:4� 10�4 cm2=s [5] is recov-
ered by our two-state model in the case of a fixed uniform
(in the space) ratio of the two components. All the simula-
tion results obtained with the model Eqs. (3)–(5), has been
carried out with the unique parameter setting reported
above. The tolerance of the parameter fitting is �5%
(except for k� which spreads between 0:5� 107½s�1� and
1:5� 107½s�1�). Outside this tolerance the calibratedmodel
fails in quantitatively recovering our experimental data.
The decrease of the average boron diffusion in the

undercooled liquid state, which has been carried out from
our modeling, appears similar to that extracted for l-Si self-
diffusion in the work of Jakse et al. [4]. In this case, by
means of ab initio molecular dynamics simulations they
estimated a decrease of the Si self-diffusion coefficient in
the undercooled state being 40 times lower than in the
stable liquid. Although they investigated the deep under-
cooled regime, their work can suggest the degree of impact
on the mass transport characteristic of the undercooled
state when collective displacements of the tetrahedral net-
work appear. Note that these comparisons have to be
considered as qualitative indications. Indeed, the Si self-
diffusion evaluation in the liquid phase reported in Ref. [4]
has been performed in the case of pure Si. The impurity
presence could substantially modify the local ratio of the
metallic and covalent bonds and, as a consequence, the
quantitative estimation of any transport coefficient and its
dependence on the temperature.
Temperature-dependent bulk diffusivity is one direct

consequence of the two-state model. However, the anoma-
lous segregation behavior cannot be explained only by
means of this dependence for the dopant average diffusiv-
ity in the liquid phase being the impurity pileup mecha-
nism inherently related to the local imbalance between
states with high and low mobility. In order to clarify this
issue, snapshots of the dopant evolution have been reported
in Fig. 3 for the 2:3 J=cm2 laser fluence case. The tem-
perature dependence on the position (Fig. 3 green solid
line) helps to follow the different evolution stages in under-
cooled and nonundercooled l-Si.
During a melting laser annealing process, boron atoms

are in two different states with different mobilities. In
particular, dopant atoms in the lower diffusivity state are
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FIG. 2 (color online). SIMS (circles) and simulated (two-state
model Eqs. (3)–(5), 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. The inset shows the �RðTÞ function
described in the text.
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strongly favored in regions of low temperature (i.e., under-
cooled regions), while atoms in the higher diffusivity state
characterize the impurity kinetics in the stable liquid
regions. For a laser irradiation with a maximum melt depth
greater than the dopant region, during the melting stage
(upper panels of Fig. 3), the majority of the dopant atoms
(71%) resides in their high diffusivity state as the tempera-
ture is significantly above the Silicon melting point. After
the maximum melt depth is reached, during regrowth, the
dopant atoms are shifted towards the solid-liquid interface
(lower panels of Fig. 3, blue lines), due to the presence of
the undercooled phase which favors the B state with low
diffusivity and a large density gradient of the high diffu-
sivity component (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.

Depending on the laser fluence, i.e., on the maximum
melt depth of the process, different final distributions can
be achieved in the one pulse case, as shown in Fig. 2. For
lower fluence (green line) the anomaly of the dopant
redistribution is more pronounced (against-gradient
regime), while it becomes less important as the melt depth
increases (pileup, blue line) until pileup is not evidenced
anymore for larger fluence (red line). The two-state diffu-
sivity model reproduces carefully the profile shape for any
value of the fluence (melt depth).

When the laser fluence is fixed and the sample is pro-
cessed with multipulse irradiation, a dopant accumulation
near the maximum melt depth is experimentally observed
[7], which saturates after a certain number of pulses. Our
model also reproduces this phenomenon. Figure 4 shows
simulation results relative to dopant redistribution in the
melting phase after multipulse irradiations. In this case,
during the first pulse boron atoms have sufficient time to

diffuse deeply throughout the molten region, but not
enough to form the pileup at the maximum melt depth.
In the subsequent pulse (second pulse) the starting distri-
bution of boron atoms is flat and additional impurities are
displaced much closer to the maximum melt depth.
Consequently, they can accumulate and form the peak.
The boron pileup saturation after a certain number of
pulses is related to the achievement of a quasiequilibrium
condition between the laser process variables and the
characteristic kinetics and reactions of the involved con-
stituents. The data of Fig. 4 refer to LTA with a laser
fluence of 2:6 J=cm2 and after a number of pulses from
1 to 5. The good agreement observed between the SIMS
and the simulation for single and multishot conditions
confirms the validity of the two-state diffusivity model
for the Boron evolution in l-Si and the role played by the
undercooled liquid.
In conclusion, we have demonstrated that the anomalous

impurity redistribution in Si during a LTA process derives
from a unique diffusion mechanism which is at the basis of
all the observed features. The model is consistent with the
peculiar properties of l-Si, i.e., the coexistence between the
covalent and metallic bonds, and reproduces the experi-
mental data for all the studied regimes by varying laser
fluence and number of shots. Future investigations will be
devoted to infer quantitative relations between the relative
abundance of the diffusion states of the impurity at differ-
ent temperatures and the measurable ratio between cova-
lent and metallic bonds in l-Si [2]. Moreover, the similarity
of the bond network of liquid and amorphous Si indicates
the possibility of non-Fickian impurity diffusion also in
�-Si (see, e.g., Ref. [19]). However, since �-Si is solid, a
model extension is needed in this case.
The research leading to these results has received

funding from the European Seventh Framework
Programme (No. FP7/2007-2013) under Grant Agreement
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