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A study of a laser-annealing system using a new molecular dynamics method modified to
faithfully simulate typical experimental conditions is presented. Following melting, the re-
crystallization interface is layer structured in the melt. Rapid recrystallization, impurity
segregation and constitutional undercooling, and the dynamics of the processes are demon-

strated.

PACS numbers: 61.50.Cj, 64.75.+g, 66.70.+f, 68.45.-v

The processing of materials (semiconductors
or metals) by using laser or electron beams,
generically called “laser annealing,” L2 provides
novel techniques of crystal growth, damage re-
covery, and preparation of alloys of nonthermo-
dynamic compositions. Aside from the varied
important potential technological applications,
the physical processes occurring in materials
subject to intense radiation and the underlying
mechanisms of ultrahigh-speed crystallization
under conditions which could be far from equilib-
rium present an enormous theoretical challenge.
The theoretical issues involve® (a) the nature of
the coupling of radiation (photons, particles) to
solids, (b) thermodynamics, in particular non-
equilibrium and stability analysis (metastability,
morphological stability?), (¢) rapid solidification
kinetics, and (d) dynamics. All theoretical ef-
forts to date are based® on continuum phenomeno-
logical treatments of particle diffusion and heat
flow (moving boundary problem), which while
providing useful insight do not allow understand-
ing of the dynamics and the atomic-scale proc-
esses which govern the kinetics. In this note we
present the first theoretical investigation which
addresses, and reveals, certain of the atomistic
processes which underlie fast solidification
phenomena under ‘“laser-annealing” conditions,
Additionally, we demonstrate the unique value of
molecular dynamics (MD) simulation analysis in
studies of material processes of unusual nature,

Prior to the presentation of results we outline
certain of the pertinent features of the simulation.
(i) The simulated system consists of a slab with
thirty atomic planes (fifty atoms per plane, initial
average layer spacing ~2.7 A) forming an fcc
crystal with the (100) face exposed. One side of
the slab (starting at z =0) interacts with a static
extension of the crystal and the other side is
free in the z direction. Two-dimensional period-
ic boundary conditions are imposed on the planes
with the & and b vectors defining the basis of the

MD cell treated as dynamical variables,® thus
allowing variations in both areal density and
thickness. (ii) The incident beam, on the free
side of the system, has a triangular intensity-
versus-time profile, 1.6 psec in duration and
carrying a total energy of 6.3 1075 J/cm? The
coupling of the beam energy to the lattice modes
is simulated via a time-stepwise scaling of par-
ticle velocities for the duration of the pulse using
an absorption profile given by exp[0.02z/(1 A)],
where z in angstroms increases going out of the
solid. (iii) The initial system consists of two
species, 90 at.% of species « with species 8 sub-
stituted randomly, interacting via 6-12 Lennard-
Jones potentials

ran=seal(5] -(22]].

with 04,5=(00q+035g)/2 and €5 =(€xa€ss) Y2 We
choose 055/0,,=1.07, €58/€qq=1.387, and mass
ratio mg/m,=2.098 [corresponding to argon (o)
and krypton (g) parameters; 0,=3.4 Al Re-
duced units are used: temperature T*=kpT/€,q
and reduced length=L/0,, The system is initial
ly equilibrated at 7*=0,4 (the melting tempera-
ture of pure bulk « is T, ,*=0.7). The integra-
tion time step is A#=0.0075¢,, where £,=2.16
psec for Ar. (iv) Heat conduction to the under-
lying substrate reservoir is simulated by scaling
velocities in the bottom two layers according to
Q(¢) =Ax(T(t)) dT(t)/dz, where A is the planar
area and k(7(¢)) is a temperature-dependent
heat conductivity taken from solid-Ar experi-
mental data.® The gradient d7(¢)/dz is temporal-
ly determined by a linear extrapolation of the
system temperature profile to a point in the sub-
strate, distant from the bottom of the slab by
31.560,,=107.5 A (different substrate material
or temperature will yield different gradients).

To facilitate the presentation of results we de-
fine for any property g; which depends on the
phase-space point (¥,;,V;) of atom ¢ located at z;,
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a local density (per unit length) of that property
at z by

Be (2) =(2m) Y207, g, exp[~(z - 2,)2/20%],
with 0=0,126 of the average layer spacing. For
particle number density (per length) profile (g;
=1), p,(2)=p(z). In the following we present the
per-particle property local densities p, (z) =P, (2)/
p(z). For the kinetic energy, KE, and potential
energy, PE, g;=3m,v?and 33, V(|F, -7|),
respectively. The kinetic temperature is given
by two-thirds of the KE. An additional quantity
of interest is the planar orientational order pa-
rameter” O, for which

2

jenn (i)

g;=w,™! W;; exp(i46;;),

where W, =37, mn(yWij, Wij=exp(z;-2;)%/202,

FR

g, = 0.5 layer spacing, and nn(¢) denotes nearest
neighbors to atom 7. 6,; is the angle that the
“bond” between atoms ¢ and j makes with the x
axis. The absolute value of O, attains a value
close to unity on a (100) face of an fcc layer,

and is close to zero for a liquid.

In Figs. 1(a) and 1(b) the particle density, KE,
PE, and |0,| vs z are shown for the initial sys-
tem and immediately at the end of the 1.6-psec
heat pulse. The minima in the PE profile occur
at the location of atomic planes. It is seen [Fig.
1(b)] that while the kinetic energy is increased
because of the pulse, disordering has just started
to occur since not enough time has elapsed yet
for thermal energy to be converted to potential
energy. The initial random impurity distribution
is shown in Fig. 1(d)(i). In Fig. 1(c) time-aver-
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FIG. 1. (a)—(c): Profiles of number density (p), KE, PE, and | 04| vs z*=2/7.890, for the initial system, at
the termination of the pulse, and for an isolated equilibrium system, respectively. (d)(i), (d)(f), and (d)(eq): Im-
purity density profiles for the initial, final, and equilibrated systems, respectively. (d)(v): Position, z*, of the
recrystalization interface vs time (in picoseconds). A straight-line fit yields a solidification velocity of 11 m/sec.
Detailed analysis indicated that a region characterized by | O4| < 0.4 lacks planar long- and short-range order.

This criterion was adopted in the construction of Fig. (d)(v).
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aged results are shown for a thermally isolated
system (k=0), which has been subjected to an
identical heat pulse and let develop for a very
long time. In this case, an equilibrated system
with solid-liquid coexistence has been produced
(equilibrium temperature corresponds to KE of
0.96). Note the sharp drop in O, at about z*=1
indicating loss of intralayer ovder while perma-
nent layeving in the particle density profile is
evident beyond that point into the liquid. The
time-averaged impurity distribution in the equili-
brated system [Fig. 1(c)] shown in Fig. 1(d)(eq)
reveals a feature which indicates a tendency of
the impurity to avoid the interface. (This region
is characterized by transport coefficients of a
liquid,) The corresponding stabilization in these
regions is indicated in the PE profile [Fig. 1(c)]
by arrows.

Next we turn in Fig. 2 to a sequence of profiles
for a heat-conducting system taken at selected
time steps during the evolution of the system after
the termination of the pulse. Figure 2(a) de-
scribes the system at the final stages of melting.
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As seen in Fig. 2(b) recrystallization started while
the kinetic temperature of the melt, Tiquq4, Was
still above the solid-liquid coexistence tempera-
ture, T,; see Fig. 1(c). The p and | O,| profiles
at 73 psec show clear evidence of a layered melt-
ed region, also seen in the PE profile. The mov-
ing recrystallization front is characterized by a
structured three-dimensional interface, aniso-
tropic in density and properties. The anisotropic
structured nature of the interface may play an
important role in the recrystallization kinetics
and in phenomena such as solute trapping. Once
T11qiqa has dropped to 7,,, the velocity of crystal-
lization accelerates, Later, however, at 203
psec [Fig. 2(c)] the velocity of crystallization
decreases sharply [Fig. 1(d)(v)] and interface
layering temporarily becomes less evident.
These changes are associated with an increase
in impurity concentration at the interface result-
ing from the previous expulsion of the impurity
into the liquid (and perhaps a tendency for cellu-
lar ordering). T liquid Subsequently falls below 7,
(a manifestation of constitutional supercooling),
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FIG. 2. (a)—(d): Profiles of number density (p), KE, PE, and | 04| vs z* at time steps 25 (end of melting), 73,

203, and 333 psec, respectively.
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the velocity of crystallization recovers, and layer-
ing is reestablished [see Fig. 2(d) at 333 psec].

At the end of the process (~500 psec) the total
number density profile is identical to that in Fig.
1(a), and the impurity profile is shown in Fig.
1(d)(f). A certain amount of impurity segrega-
tion to the free surface is evident.

In this study we demonstrated the use of MD in
an investigation of a complex nonequilibrium ma-
terial process. Of interest is the “liquid layering”
which, as we observed, precedes the solidifica-
tion front, preparing the liquid for formation of
perfect crystalline planes, and significantly af-
fects impurity segregation and transport (see
also Wood, Ref. 3), while in turn being affected
by interfacial conditions that it, in part, brings
about. MD studies can be instrumental in ana-
lyzing the dynamic interrelationship between the
structure and properties of the interface and the
solidification process. Investigations continue
in our laboratory on the relationship between the
time scale of interface processes (such as layer-
ing) and the nature of the resulting solid (crystal-
line versus amorphous) under various solidifica-
tion rates, the effect of crystal face, crystalliza-
tion on amorphous substrates, the role of “liquid
layering” in solute trapping or expulsion, and
the dependence on host and impurity interaction

potentials and mass ratios.
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Commensurate adsorbed surface phases, particularly p x 1 rectangular and V3 x v3 hex-
agonal phases, exhibit two (or more) classes of domain wall, reflecting a lower than ideal
symmetry; these compete statistically and undergo wetting transitions. Scaling arguments
and model calculations indicate that new types of continuous melting transitions, possibly
already seen in Kr on graphite, can thereby arise.

PACS numbers: 68.40.+e, 05.70.Fh, 64.70.Dv, 75.10.Hk

Many (d =2)-dimensional systems are now
known in which an adsorbed, commensurate sur-
face phase, with the adsorbate atoms or mole-
cules in ordered registry with the substrate solid,
melts under variation of the temperature, 7', or
chemical potential, ¢ (controlled by the vapor
pressure). Such melting may be discontinuous
(i.e., first order) in nature but theory suggests,'
and experiments confirm,?® that continuous tran-
sitions may also occur. We focus here on such
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continuous d =2 commensurate melting and ask
“What types of transition may occur?” We argue
that a class of asymmetric or chiral transitions
—distinet from the previously identified sym-
metric Ising, Potts, and p-state clock universali-
ty classes—should arise in real systems and
may already have been seen in studies of krypton
on graphite.®* The existence of diffevent types of
domain walls plays a significant role in the phe-
nomena.
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