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A three-dimensional transient temperature field modelsTTFMd is proposed for the general problem
of laser-induced out-of-equilibrium annealing of a bilayer device, which is made up of a bulk
material covered by a transparent layer. The TTFM solves the moving-boundary problem with a
deterministic relation between the interface velocity and temperature in contrast to preceding
problem-dependent models, which use an interface-tracking heuristic algorithm. The TTFM is the
first step to model many temperature-driven phenomena such as diffusion and segregation in laser
annealing. Both computed transient temperature field and melted-zone dimensions of a SiO2/Si
example device, which is irradiated by a focused visibles532 nmd laser, are in very good agreement
with experimental measurements. ©2005 American Institute of Physics. fDOI: 10.1063/1.1846943g

I. INTRODUCTION

Laser interactions with materials may lead to various
surface processes including melting, texturing, hardening,
and ablation. At moderate fluence, the effect of a pulsed laser
may be limited to surface melting, which can be used for
example to redistribute dopants incorporated into a silicon
device.1,2 For an extended nonfocused laser beam, this prob-
lem can be simplified to a one-dimensional one for which
numerical and analytical solutions exist. However, focusing a
pulsed laser on a target surfacesas in the case of texturing a
hard disk drive3 or analog-device trimming1,2d requires solu-
tion of three-dimensionals3Dd differential equations with
boundary conditionssBCd moving with the solid–melt inter-
face. Unfortunately, it is not possible to derive an exact ana-
lytical solution for the 3D problem of the moving solid–
liquid boundary. Therefore, only approximate analytic
solutions can be obtained from the heat-transfer balance
equations.4,5 On the other hand, preceding numerical ap-
proaches to solve the problem of laser-induced melting and
recrystallization,6,7 in which out-of-equilibrium BCs must be
used instead of the usual equilibrium ones, involve interfa-
cial response functional relationships of the solution itself.
Such heuristic modeling requires a solution-dependent track-
ing algorithm to locate the interface position and therefore is
very computationally demanding. To avoid this problem, we
propose in this paper an out-of-equilibrium transient tem-
perature field modelsTTFMd, which uses a deterministic re-
lationship between the interface velocity and temperature.8

Our model allows one to compute the interface position and
transient temperature field without using any further
problem-dependent algorithm. To validate our approach, we
first compare simulation results obtained from the out-of-
equilibrium model to those from the equilibrium one, where
the interface temperature is set to the equilibrium melting
temperature of the material. Then, we perform experimental
measurements on a bulk silicon covered by a thins0.5 mmd

transparent SiO2 cap, which is irradiated by a focusedsr0

=0.9 mmd Nd:YAG laser sl=532 nmd, as shown in Fig. 1.
Since the validity of the numerical model depends on its
capability to predict the melted-zone dimensions and tran-
sient temperature field, we carry out two different experi-
ments: First, we show the good agreement between the com-
puted dimensions and atomic force microscopysAFMd
measurements of the melted surface. Second, from the
temperature-dependent optical properties of bulk Si,9,10 we
perform transient reflectivity measurements to evaluate the
surface transient temperature field, which is successfully
compared to the simulation results.

II. STATEMENT OF THE PHYSICAL PROBLEM
AND MATHEMATICAL FORMULATION

Usually the transient temperature field induced by
focused-laser irradiation onto an absorbing solid is not only
due to heat diffusion but also to the penetration depth of the
laser light, which depends on the optical absorption. Laser-
induced heating changes the optical properties of the mate-
rial owing to their temperature dependence. The dissipated-
energy distribution can be obtained from the Maxwell
equations11 and finite-difference time-domain modeling.
However, this problem can be considerably simplified with
common assumptions.12 The volume heat source term in the
heat equation, which is due to laser–material interaction,
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FIG. 1. Scheme of a focused visible laser that irradiates a bilayer substrate
made up of a thin transparent layersSiO2d and a bulk absorbing layersSid.
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clearly depends on both optical absorptiona and reflectivity
R for the wavelengthl and temperatureT under consider-
ation. Thea and R variations withT also make the source
term dependent onT. This dependence is essential at the
phase-change temperature because the optical properties of
the material such as the optical absorption and reflectivity
may exhibit dramatic variations between the solid and liquid
phases. Realistic simulation of a focused-laser annealing pro-
cess must therefore be carried out from 3D calculations, in-
cluding all temperature dependencies of the material param-
eters a, r, c, and k, where r is the mass density,c the
specific heat at constant pressure, andk the thermal conduc-
tivity. To do this, we consider the bilayer problem of an
absorbing solidsbulk Sid covered by a transparent cap
sSiO2d, as show in Fig. 1. The cap prevents the convection
movement at the liquid surface since no significant distortion
of the material surface appears when a bilayer is processed
by laser annealing.13

Owing to the use of a Gaussian laser beam, problem
modeling is axis-symmetric and includessid optical absorp-
tion; sii d heat diffusion in both materials with a phase change
in the absorbing material; andsiii d reflectivity of a probing
laser. All parameters are taken to be temperature dependent.
Our original mathematical formulation enables us to consider
the same equations for either solid or melted absorbing ma-
terial. This is different from the preceding heuristic
models,6,7 where the material is divided into two subdomains
when melting is taking place:sid the solid andsii d the melt,
with different thermal properties. A difficulty arises in this
approach because the interface between the solid and melt
moves with time, so that solution-dependent BCs have to be
defined at the interface, which is very computationally de-
manding. We avoid this problem since, with our new formu-
lation, we obtain a unique equation which can be applied
through the entire domain with no special reference to either
the solid or melt. Indeed, because the only independent pa-
rameter is the temperature fieldTsr ,z,td, wherer, z, andt are
the respective radial, depth, and time coordinates, the other
material parameters can be easily computed from simple step
functions ofT with transitions at the defined interface tem-
perature.

The temperature distribution induced by laser-radiation
absorption within the substrate can be calculated by using the
classical heat equation given by

rsTdcsTd
]T

]t
= ¹ fksTd ¹ Tg + QsTd + LsTd, s1d

whereLsTd is the material’s latent melting heat. While the
source termQ is zero in the transparent layer, in the absorb-
ing solids,QsR,a ,I ,td depends on both material and laser
parameters. This term is exhaustively described in Ref. 12.
The laser intensityIsr ,zd is solution of the Lambert–Beer
equation

]Isr,zd/]z= asT,ldIsr,zd. s2d

Equationss1d ands2d constitute the classical model formula-
tion of the heating and melting problem. However, as ex-
plained before, we define all material parameters indepen-
dently of the phase by using step functions at the interface

temperature, which enables us to avoid solution-dependent
BCs.

The sudden release of energy induced by the phase
change at the interface temperature is obtained from the clas-
sical enthalpy model14 as

DHsTd =E
T`

T

rsTdcsTddT+ UsT − TintdLsTintd, s3d

whereDHsTd keeps track of the total enthalpy accumulated
at any point in the material.

In Eq. s3d, T` is the temperature far from the processed
area, andUsT−Tintd is a Heaviside function at the interface
temperatureTint, which is zero if T,Tint and unity if T
.Tint. Then, from the time derivation]DH /]t=]DHsTd /]T
3]T/]t, we introduce an apparent heat capacity formulation

rsTdcappsTd = rsTdcsTd + dsT − TintdrsTdLsTintd, s4d

where cappsTd is the apparent specific heat capacity. How-
ever, owing to the Dirac functiondsT−Tintd, this formulation
suffers from a singularity atTint. We bypass this difficulty by
assuming that the phase change occurs over a small tempera-
ture interval. Therefore, we approximate the Dirac function
by a Gaussian function with a characteristic widthDT, which
can be as small as a few kelvin. A second difficulty is due to
the steep change of the absorbing-material thermal conduc-
tivity at the melting temperature. In order to avoid numerical
instabilities, T must therefore be removed from the diver-
gence term in Eq.s1d, which can be achieved by using a
Kirchhoff transform

QsTd =E
T`

T ksTd
ksT`d

dT, s5d

where QsTd is the Kirchhoff temperature of the absorbent
layer and can be easily calculated by developingksTd
through a power series.12

Another Kirchhoff transform is used for the transparent-
layer temperature to obtain thatQTL of Kirchhoff. In terms of
Q and QTL, the classical equation system of Eqs.s1d–s4d
transforms to

1

DsQd
]QsT,td

]t
= ¹2QsTd +

QpsQ,td
ksT`d

, s6d

1

DTLsQd
]QTLsT,td

]t
= ¹2QTLsTd, s7d

in the absorbing material and in the transparent layer, respec-
tively. In Eqs.s6d ands7d, D=k /rc denotes the thermal dif-
fusivity. The solution of this TTFM formulation can be ob-
tained by solving simultaneously Eqs.s2d, s6d, ands7d in the
sr ,zd plane with a finite-element methodsFEMd. The BCs of
the FEM are given in Fig. 2. For the boundaryG, we ensure
temperature continuity, i.e.,Q=QTL, and an incident irradia-
tion: I = I0h1−RfTsz=0dgjqstdexpf−sr / r0d2g.
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III. SIMULATION RESULTS FROM THE TRANSIENT
TEMPERATURE FIELD MODEL

Since our model can be applied to any transparent/
absorbent bilayer, we chose similar experimental conditions
to those of the recently developed process of the laser-
induced diffusible resistance.1 Simulations are performed for
a bulk Si covered by a thins0.5 mmd SiO2 layer irradiated by
a 532 nm laser, which is focused with a radius of 0.9mm and
pulse width of 40 to 70 ns.

A. Equilibrium approach

In the equilibrium TTFM, the interface temperature is
approximated by the equilibrium melting temperature, which
is Teq,m=1683 K for bulk Si. By performing numerical simu-
lations, we can derive characteristic parameters of the laser
process such as melting duration, and radius and depth of the
melted zone as well as its dynamics. Control of the maxi-
mum temperature rise, which always occurs at the center of
the laser beamsr =0,z=0d, is important because this tem-
perature must remain in a small temperature range between
the melting points of Sis1683 Kd and SiO2 s1980 Kd. The
transient behavior of the center point and those atr =0.5 and
1 mm on the Si surface, are compared in Fig. 3. The center
point melts first and solidifies last because it receives the
maximum amount of laser beam energy.Tsr =0,z=0d
reachesTeq,m within a time tm after the laser energy onset
and, subsequently,Tsr =0,z=0d increases much more slowly
since the absorbed laser energy is spent not only on heating
but also on melting. Moreover, the steep increase ofR at the
melting temperature amplifies this phenomenon. The maxi-
mum in T is approximately reached at the end of the laser
pulse with a durationtl and is followed by the silicon cool-
ing down and resolidification within a timets. From the
timestl, ts, andtm, we can deduce the Si melting duration:
ts−tm. For different times around the pulse duration, we
show in Fig. 4sad the temperature on the irradiated surface
Tsr ,z=0d and that along thez axis Tsr =0,zd in Fig. 4sbd.
From these figures, we first deduce that the maximumr and
z of the melted region are reached approximately at the end
of a laser pulsesdepending on the temporal pulse shaped.

Second, this model provides at all times the values of the
molten radius and depth. During laser irradiation, the surface
temperature primarily depends on the beam-intensity distri-
bution, which is characterized by the beam radiusr0, while T
along thez axis depends on heat diffusion with a typical
length lT<2ÎDtl. This difference in the heating phenom-
enon explains why the melt radiusrmelt can be one order of
magnitude higher than the melt depthzmelt.

B. Out-of-equilibrium approach

The out-of-equilibrium dynamics of interface-mediated
phase transformations such as undercooling and overmelting
has been the subject of considerable theoretical and experi-
mental research.15,16 Since no evidence of overheating was
reported in Si,9 only undercooling during the solidification
stage has to be considered here. It is generally accepted that
the deviation of the interface temperatureTint from Teq,m is
related to the normal velocityvsl of the solid–liquid
interface.12,16A good assumption of the degree of undercool-
ing in liquid Si is Teq,m−Tint!Teq,m, which leads to a linear
form for vsl

12,16

vsl = KsTeq,m − Tintd, s8d

whereK is a proportionality constant. By using transient re-
flectivity measurements described in Sec. V, we obtainedK
=6.5 cm s−1 K−1, which is comparable to the values of
6.5 to 7.5 cm s−1 K−1 given in previous studies.15,16 From
Eq. s8d, we note that the large radial interface velocity of the
focused-laser process induces a significant deviation between
Tint and Teq,m, in particular on the Si surface where the so-
lidification velocity is maximal.

Efficient software to resolve the global parametric prob-
lem including absorption and heat transfer cannot be
achieved with a parametric dependence of the phase-change
temperature owing to the prohibitive computational cost.17

To bypass this problem, we derive a simple and accurate
method based on the observation that the interface velocity is
almost stable during the cooling stage. Figures 5sad and 5sbd

FIG. 2. Model mesh with Si and SiO2 domains and boundaries.r and z
denote the radius and depth axis. The mesh is refined within the melted zone
and at the Si/SiO2 interface. The BCs are given for the Kirchhoff tempera-
ture and laser intensity. FIG. 3. Temperatures at the center pointsr =0,z=0d and two other points on

the surface irradiated by a single Gaussian laser pulse with the maximum
laser intensityI0=1.353107 W/cm2, laser beam radiusr0=0.85mm, and
pulse durationtl =40 ns.
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depict the spatial evolution of the interface velocity on the
radial srd and verticalszd directions of the melted zone. As
observed in Fig. 5,vsl andTint from Eq. s8d are almost con-
stant during the solidification stage. From the observed spa-
tial dependence of the interface velocity, we derive the inter-
face temperature field within the material.Tint is
implemented in the heat and Lambert–Beer equations given
by Eqs.s6d ands2d, respectively. As shown in Fig. 6, we can
therefore compare the transient behaviors of the melt radius
and depth, which are obtained from the equilibrium TTFM
with Tint=Teq,m and out-of-equilibrium TTFM withTint de-
rived from Eq.s8d.

The solidification stage is affected by the velocity depen-
dence onTint. As the velocity becomes zero when the maxi-
mum radius and depth are reached, the size of the melted
zone remains the same in both models. However, in subse-
quent times, the cooling-stage dynamics is substantially
modified when undercooling is considered. The main process
parameter affected by the out-of-equilibrium model is the
melt lifetime, which is of primary importance for laser pro-
cessing especially when dopant diffusion is involved during
the process.

IV. EXPERIMENTAL RESULTS

To verify our TTFM approach, we perform static and
dynamic experimental measurements of the melted surface to
obtain the melted zone dimensions, which are successfully
compared to the simulation results.

A. Melt-radius measurements

We irradiate a pure Si sample with a frequency-doubled
Nd:YAG laser for various intensities and two pulse durations

FIG. 4. Temperature distributions:sad on the surfaceTsr ,z=0d andsbd along
the z axis Tsr =0,zd for a Gaussian laser pulse at different times around the
pulse duration tl =40 ns. The dashed horizontal lines indicateTeqm

=1683 K.

FIG. 5. Interface velocityvslsr ,zd during meltingsupper partd and solidifi-
cation stagesslower partd versus position in the radialsad and verticalsbd
directions.

FIG. 6. Melt radius and depth given by the equilibriumsEd and out-of-
equilibriumsOEd TTFMs during a 50 ns laser process with a Gaussian beam
radius of 1.8mm and fluence of 0.75 J cm−2.
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of 40 and 60 ns. Since melting induces small surface modi-
fications, we perform AFM measurements of the melted-
surface diameter. Experimental data are shown by the open
circles and triangles in Fig. 7. The solid points are obtained
through both equilibrium and out-of-equilibrium TTFMs ow-
ing to a zero interface velocity.

Experimental and computed values of the melted-surface
diameter are in excellent agreement, as shown in Fig. 7. We
only observe a little discrepancy for a 60 ns pulse and laser
fluence higher than 2.1 J cm−2. The relative importance of
the surface deformation for those points suggests that this
difference could be due to convection effects within the
melted zone,18 which could no longer be neglected at rela-
tively high fluence. Figure 7 clearly shows that, for a given
laser fluence, the melted diameter is smaller in the case of
long pulse durations. As a consequence, laser fluence is not
the only parameter that controls the laser-induced melting
process. Moreover, the role played by the incident intensityI
appears to be more important than the one played by the
pulse durationt in the resulting laser fluence:I 3t. This
problem was already discussed in Ref. 5.

B. Transient reflectivity measurements

In order to compare the computed transient distribution
of the surface temperature with experimental data, we carry
out experiments of transient reflectivity measurements. Our
technique superposes a continuous-wave HeNe probe laser to
the heating Nd:YAG pulsed laser. SinceR depends on bothT
and the phase, the reflected intensity of the HeNe probe laser
is a good indicator of the laser-annealing process.19 How-
ever, analysis of the experimental results is not straightfor-
ward owing to the phase and temperature dependences of the
optical properties. This requires reliable temperature depen-
dencies of the optical reflectivity. Recently, Helleret al.20

performed highly accurate measurements of the Si reflectiv-
ity at 633 nm in air. The Si surface was oxidized during
different times before the measurements, forming SiO2 lay-
ers of 2, 20, and 200 nm. Those authors showed that the
SiO2 layer leads to a clear increase of the temperature depen-

dence ofR. Due to the presence of such an oxide layer in our
experiments, we also take into account this increase of the
temperature dependence onR in the TTFM.

The 1/e radii of the Nd:YAG and HeNe lasers are evalu-
ated with the knife edge method tor0Nd:YAG=0.9 mm and
r0HeNe=3 mm, respectively. At each laser pulse, we record
the time-dependent behavior of the Si-surface reflected inten-
sity from the HeNe probe laser. The choice of a red probing
light is driven by the large difference at such a wavelength
between the reflectivities of the liquid and solid, which im-
proves the measurement accuracy. The recorded reflected in-
tensitiesscirclesd are given in Fig. 8 for 50 and 40 ns pulse
durations. In order to assess the validity of our numerical
model, we use the computed surface temperature distribution
and achieve the numerical calculation of the transient re-
flected power during the heating–melting–cooling process
using this integral formulation

Preflectedstd =E
0

rmax

Rsl = 633 nm,Tsz= 0dde−sr/r0HeNed
2
dr,

s9d

where Preflected denotes the dimensionless reflected power.
Calculations were performed using both equilibriumsdashed
lined and out-of-equilibriumsfull lined models. The effect of

FIG. 7. Melted-surface diameter versus incident-beam fluence: Experimen-
tal and calculated results. The Gaussian-beam radius is 0.9mm.

FIG. 8. Transient reflected power measurements of a continuous-wave
HeNe laser during a Nd:YAG laser pulse of 50 nssad or 40 nssbd. Calcu-
lated curves are derived from the equilibriumsdashed lined and out-of-
equilibrium ssolid lined TTFMs.
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the SiO2 layer on the optical reflectivity of the solid Si at
633 nm is taken into account in the transient reflected power
calculation of the probe laser light.

Since the reflected light depends on both surface tem-
perature and melt dimensions, the excellent agreement which
is obtained between the experimental and computed curves
allows an accurate control of the laser heating, melting, and
cooling dynamics. The out-of-equilibrium TTFM, which is
only used during the cooling stage of the laser process,
clearly improves the quality of the transient reflectivity re-
sponse. As a consequence, modeling of the undercooling ef-
fect is essential for a realistic physical description of a laser-
focused annealing process. Moreover, from this experiment,
we obtained a proportionality coefficientK of 6.5 cm s−1 K−1

between the interface velocity and temperature in Eq.s8d. On
the other hand, the comparison between the melt radius and
reflected power reveals that the bump in the transient reflec-
tivity evolution lasts longer than the melt durationsi.e., the
time during which the melt radius exhibits a steep variation
in Fig. 6d. Therefore, in the case of a nonuniform laser irra-
diation, the steep variation of the reflected light intensity is
not only caused by the occurrence of molten Si but also by a
strong temperature dependence of the solid-Si optical reflec-
tivity.

V. CONCLUSION

Modeling of the transient temperature field and melted-
zone dimensions induced from a focused laser process in a
bilayer devicessuch as that shown Fig. 1d with temperature-
dependent material parameters was obtained with a new
TTFM. Analysis of the melted zone with a high interface
velocity enables us to compare the equilibrium and out-of-
equilibrium TTFMs. The accuracy of both computed tran-
sient temperature field and melted-zone dimensions was vali-
dated from experimental measurements. The TTFM is a first
and fundamental step for any further modeling of many
temperature-driven phenomena, which do not affect the ma-
terial thermal properties such as impurity diffusion and seg-
regation in laser annealing. As an example, we use the TTFM
as the first tool of a software, which performs full bottom up
modeling ofn+-n-n+ andp+-p-p+ semiconducting resistors1,2

from their fabrication by laser trimming to their electronic
operation regime. Such a laser-induced diffusible resistor
shows a highly accurate resistance value and is very prom-
ising for future analog CMOS technologies. By combining
the TTFM with a new out-of-equilibrium diffusion and seg-
regation model, which will be published elsewhere, we are
also able to model ultrashallow doping by excimer laser an-
nealing for fabrication of sub-100 nm CMOS devices.
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