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Abstract

A simple analytical approach, based on an energy balance equation, is introduced to describe the melt region of a
semiconductor under a focused pulsed laser irradiation. In this model, an approximate analytical solution of the time-dependent
hemispherical melt radius is calculated, and satisfactorily compared with experiments on silicon irradiated with a focused, 1 ps
beam diameter, visible laser of a few watts with pulse widths of 0.03—10 ps.
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1. Introduction

Focusing an energetic pulsed laser on a material
usually leads to a melt zone, whose dimensions and
melt time depend on both the laser parameters and the
materials properties [1]. In general, these heating and
melting effects constitute a three-dimensional (3D)
heat flow problem, usually solved numerically. An
analytical solution, even approximate, is very interest-
ing as one could more easily analyze the influences of
the various physical parameters involved. Usually, in
sub-nanosecond laser processing, the short thermal
diffusion distances and the relatively large dimensions
of the laser beam, compared to the melt depth, limit the
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lateral thermal gradients, thus essentially reducing the
melt process to a 1D heat flow problem. Many authors
have proposed analytical solutions in this case [2—4].

On the other hand, for a pulsed focused beam in the
time range of nanoseconds or longer, with beam
dimensions comparable to or smaller than the melt
depth, the lateral heat flow is of the same order of
magnitude as the perpendicular component and the 1D
approximation is no longer valid. Non-linear boundary
conditions arising from a moving solid-liquid inter-
face, make exact analytical solutions of the 3D heat
flow equation very difficult. In this paper, we present a
simplified 3D model based on the energy balance
equation, which leads to an estimate of the time-depen-
dent melt dimension of a semiconductor irradiated by a
focused laser beam. Results are satisfactorily compared
with experimental results from atomic force micro-
scopy (AFM) measurements on laser-irradiated silicon,
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as well as from laser-induced dopant diffusion in a
silicon microdevice.

2. The model

Fig. 1 shows schematically the problem considered in
this paper. The laser beam, with an intensity (in W/cm?),
is focused on a semiconductor at the focal plane:

2
1(r, ) = Io(t) exp (—%) )
o

where ry is the (1/e) radius and /y(¢) the time-dependent
intensity at r = 0. The total laser power (in W) is P =
nr(z)lo and the laser fluence (in J/em?) is @y = Iot, (at
the most energetical point of the beam) for a rectan-
gular pulse width of #,. In this paper, we will consider
that 7, is in the range 0.03 us <7, < 10 ps. Approxi-
mation on the pulse heating source can be made by
comparing the heat diffusion length [ = /Dt to the
light absorption length o' and r,. Since for most semi-
conductors, the thermal diffusivity is D ~ 0.5 cm*/s at
the melt temperature [1], / is in the range of 1-20 um
for the 1, values considered. For a focused spot of
1 pm, and for a typical band-to-band absorptivity of
10 em ™', we can therefore approximate the laser

irradiation as a quasi-point-source. Assuming further-
more, that the materials properties are isotropic, the melt
region can be described by a hemisphere, as shown in
Fig. 1. In this paper, we are therefore interested in
describing r(?).

Describing the melt region behavior requires writ-
ing the energy balance equation. In the framework of
the Stefan problem [5], the energy density balance is
evaluated at the moving liquid—solid interface r,:

Jin de = Jout dr + Ldr (2)

where L is the latent heat, ji, = —x1(0T/0r), in the
liquid phase, in the solid phase where x; and x are
the thermal conductivities of the liquid and solid, res-
pectively. In the presence of strong convective flow as
usually seen in laser-irradiated materials [1,6], we will
assume that the total energy absorbed at the liquid
surface is transported to the liquid—solid interface.
Furthermore, we neglect the energy lost by the heated
surface, as it can be estimated to represent less than 1%
of the input energy. Consequently, the energy balance at
the outer surface of the molten pool may be written as:

dEin = jouSdt + LSdr 3)

where S = 272 is the surface of the hemisphere, and
dE;, = P(1 — Ry) dt is the energy released by the laser

LASER

Fig. 1. Schematics showing the hemispherical melt region of a semiconductor irradiated by a focused laser beam.



J.-Y. Degorce et al./Applied Surface Science 208-209 (2003) 267-271 269

during dt in a liquid semiconductor of reflectivity R).
On right-hand side of Eq. (3), jou 1S approximated by
the linearization to jou = —x5(0T/0r), =~ (ks AnT/
&V/Dt), where AT = Ty, — To, and T, is the sub-
strate temperature, D the thermal diffusivity in the
solid at the fusion temperature T,,, and ¢ is a constant
usually fixed at 1. With these approximations, Eq. (3)
becomes:

Ks AmT

&bt

Introducing the following dimensionless quantities
2n 4n*D
—, =———
(1= Ri)ro (1-R)°R
P
DLV()

Eq. (4) can be rewritten in the equivalent form

P(1 —R))dt = 2nr? dt + L2nr? dr )

X =

)

p:

dx
¥ =4 AP =p (®)]
dr

where we have introduced a dimensionless material-
properties-only constant

ks AnT

A= EDL ©®

whose value is close to 1 for most semiconductors.
Unfortunately, it seems that the ordinary differential
equation (ODE) (5) does not have an exact analytical
solution. A comprehensive study of Eq. (5) can be found
in [7]. An analysis of the asymptotic behavior of x(t) for
T — oo allowed to obtain the following approximate
analytical solution, using the initial value x(0) ~ 0:

2A/Ap1/4g3/8
\/1 + 4A32p=172¢1/4

When compared with numerical solutions, it was
found that the error of the approximation (7) is smaller
than 3% for ¢ > 0.03 ps.

x(t,p) = (N

3. Comparison with experimental results
on silicon

To test the validity of our simplified approach, we
performed experiments on silicon. For this semicon-
ductor, A was found to be equal to 0.78 by using Eq. (6)
and the following parameters: x, (1500 K) = 0.23 W/
(cmK), D (1500K) = 0.1 cm?/s, L = 4130 J/cm”,
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Fig. 2. Melt radius on silicon irradiated by a 532 nm laser source
with 7y = 0.4 pm. Measurements are from AFM and the lines are
calculated using Eq. (7).

AT, = 1400 K and ¢ = 1. Fig. 2 shows the melted
radius as measured by AFM, when silicon is irradiated
by a 532 nm laser source focused down to ry = 0.4 pm
(1/e radius). The agreement between the analytical
solution (Eq. (7) with R} = 0.7) and the experimental
results, for laser powers of 3 and 4 W, are very good.
In a second attempt to validate the simplified model,
we performed laser melting experiments on a structure
consisting of two highly doped n+ Si regions (5x
10" cm %) separated by a p-well of weakly doped Si
having a 1.7 um width (see the structure of the micro-
device in Fig. 3a). The electrical circuit of this device
has an infinite resistance due to the p-well.
However, by inducing dopants to diffuse from the
n+ regions into the p-well, using a laser source, a link
can be created [8]. The diffusion of dopants is effec-
tively confined to the melt phase, giving an indication of
the melt dimension. For example, the diffusion coeffi-
cient of arsenic in solid Si is around 10~"" cm?/s near
1683 K, the melting temperature of Si, and 3 X 10~
cm?/s in the liquid phase [9]. The corresponding diffu-
sion length is of the order of 0.06 nm in the solid phase
versus 200 nm in the liquid phase for a typical laser
pulse duration of 1 ps. For a reasonable temperature of
molten Si (7 = 3000 K), this diffusion length becomes
close to 2 um. Clearly, dopant diffusion is confined to
the melt phase and, during the pulse period, the dopants
have the time to diffuse almost uniformly in the melt
region. By increasing the laser pulse duration, the radius
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Fig. 3. (a) Schematics of the test microdevice consisting of two n+ doped regions separated by a fixed distance of 1.7 pm. (b) Minimum time

and power to induce a dopant diffusion between the doped regions. The line corresponds to Eq. (8).

of the melt region can be increased up to the point that
the melt phase reaches the two n+ regions, and dopants
quickly diffuse into the center of the structure. For a
given laser power, a minimum pulse width is required to
diffuse a sufficient amount of dopants to produce a
resistance. Fig. 3b shows experimental results to pro-
duce a resistance of a finite value (readable on the
multimeter, i.e. between 107 and 108 Q) with only
one laser pulse. Even at the shortest pulse duration of
0.07 ps (at few watts, Fig. 3), we estimate that this time
is long enough to assure sufficient dopant diffusion

leading to a finite resistance readable by the multimeter.
For fixed values of t and x, the corresponding power p
can be obtained by solving Eq. (7) for p. The solution,
which is the positive real root of a second order poly-
nomial, is

324732
The agreement between the results and our calcula-

tion using Eq. (8) with ree = 0.85 pm, is very good.
Divergences at laser powers smaller than 0.5 W are

p (32477 + x(x + /x2 + 64A27)) ®)
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probably due to the fact that the assumption of
neglecting the temperature gradient term in the liquid
in Eq. (3) is no longer valid.

4. Conclusion

A simplified method describing the melt region
radius as a function of time of a semiconductor irra-
diated by a focused laser beam has been described.
Egs. (7) and (8) are satisfactorily compared with
experiments on silicon, with the following laser beam
parameters: a few watts over a 1 pm beam diameter
with a pulse width of 0.03-10 ps.
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