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Abstract-Melting and solidification of a silicon film by continuous wave laser beam irradiation has been 
studied. The silicon flm melting and recrystallization is controlled by the temperature distribution in the 
semiconductor. Numerical calculations have been carried out for a range or laser beam parameters and 
material translational speeds. The results for the melt pool size have been compared with experimental 
data. The temperature field development has also been monitored with localized reflectivity measurements. 

Experimental and predicted transient reflectivity distributions have been compared. 

1. INTRODUCTION 

THE SILICON microfabrication technology has grown 
rapidly during the past several years. Examples of 
such advancements are silicon-based sensors, actu- 
ators, and other micromcchanical devices. Rccry- 
stallization of semi-conductor films deposited on 
amorphous substrates has been shown to improve the 
transport properties and the reliability of electronic 
devices [I]. The use of light sources to melt and sub- 
sequently recrystallize thin semiconductor layers on 
insulators, such as oxidized wafers and bulk amorph- 
ous substrates has shown good potential for appli- 
cations to commercial VLSI technology [2]. The crys- 
tal growth in silicon film melting and solidification is 
mainly controlled by the temperature distribution in 
the semiconductor material. The heat transfer 
depends on the laser beam total power, the lateral 
distribution of the beam intensity and the trans- 
lational speed of the target material. Experimental 
studies [3] have shown some success in controlling 
crystal growth by modifying the laser beam shape, 
and thus the induced temperature field. 

Analytical solutions for solid-liquid phase change 
problems can be found in the literature [4]. Such solu- 
tions address specific problems and therefore have 
a limited range of applicability. Various numerical 
techniques have been developed to solve solid-liquid 
phase change problems [5]. One-dimensional phase 
change finite difference models have been applied to 
laser annealing of thin semiconductor films [6, 71. 
Approximate solutions for the temperature dis- 
tribution of thin silicon layers by scanning laser beams 
of elliptical or circular symmetry have also been 
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derived [8, 91. A three-dimensional transient numeri- 
cal algorithm for thin silicon laser melting and recrys- 
tallization [IO] has been based on the conventional 
enthalpy method [I I, 121. 

In this study, an explicit finite difference scheme 
incorporating the enthalpy formulation has been 
employed to calculate the temperature distributions 
in the structure and the location of the solid-liquid 
interface in a thin silicon film deposited on a glass 
substrate. A portion of the net energy transferred to 
a partially molten mesh element is consumed to phase 
change. the rest contributes to the sensible energy. 
The conventional enthalpy method is modified to 
account for this effect. The numerical predictions are 
compared to experimental results for the steady-state 
molten pool size. An experimental procedure for 
obtaining irr sifzr localized transient surface reflectivity 
measurements is described. Thin film optics cal- 
culations show that the temperature dependence of 
the silicon complex refractive index produces a strong 
variation of the film reflectivity with temperature. This 
variation enables comparison of acquired reflectivity 
signals to predicted reflectivity distributions. 

2. EXPERIMENTAL PROCEDURE 

Figure I shows a sketch of the sample geometry 
examined in the experiments. The samples were pre- 

pared using Low Pressure Chemical Vapor Depo- 

sition (LPCVD). An undoped polysilicon layer of 
thickness & = 0.5 pm is deposited on a fused quartz 
substrate. The substrate has a thickness d,, = 0.5 mm. 
The silicon film is encapsulated by a 0.5 pm-thick Si02 
layer. Both the substrate and the encapsulating layer 
are transparent to the wavelength of the laser source. 
The samples were processed using the apparatus 
shown in Fig. 2. The annealing beam was produced 
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NOMENCLATURE 

A absorptivity .Y coordinate in the scanning direction 

l? 
specific heat (Fig. I) 
L + 4 x, s-coordinate of the solid-liquid interface 

dcnc encapsulating layer thickness 1’ coordinate in the transverse direction 
4, silicon film thickness (Fig. 1) 
4s substrate thickness K -v-coordinate of the solid-liquid interface 

J 
enthalpy per unit volume : coordinate normal to the sample surface. 
liquid volume fraction 

/Q,, fr, heat transfer coefficients at the bottom Greek letters 
and top structure surfaces Er film emissivity 

L 
imaginary unit ks bottom substrate surface emissivity 
thermal conductivity i, wavelength 

L latent heat of fusion per unit volume P density 
.A characteristic transmission matrix D Stef’rrn-Boltzmann constant 
n real part of the complex refractive index 5 transmissivity 
ti complex refractive index 59 ray-tracing expression for the substrate 
4 number of laser beam peak wavelengths transmissivity 
PT total power of laser beam TSI 3 51, transmissivities through the quartz- 
Yirhs absorbed heat flux air. air-quartz interfaces 
%d conduction heat loss T,(,, T,,.~ transmissivities of the thin film 
q CY convection heat loss structure on an infinite substrate for laser 
qr;,d radiation heat loss light illumination : (a) through the 
Y;., laser light source irradiance distribution substrate ; (b) through the thin films. 

0 q;., peak power intensity of the laser beam 
R reflectivity Subscripts 

4 ray-tracing expression for the substrate enc encapsulating layer 
reflectivity f region of lumped layers 

R,,,,, total reflectivity inner region 
R,, , R,, reflectivities at the quartz-air, and 1 liquid silicon 

air-quartz interfaces 0 outer region 
R,,, &r, reflectivities of the thin film S solid silicon 

structure on an infinite substrate for laser si silicon 
light illumination : (a) through the thin ss substrate 
films ; (b) through the substrate I region of air above the encapsulating 

Rid reflectivity for the ii annealing laser beam layer 
wavelength 2 region of air below the substrate 

f time Lb, li components of a multi-line laser beam at 
T temperature the 2 = 488 nm, and A = li 
T b boiling point of silicon (i = 1,. . , n,) wavelengths. 
T, melting point of silicon 
T, initial and ambient temperature Superscripts 
Y velocity of target in -r-direction + illumination through the thin film 
W distance from the laser beam center to structure 

the point where the intensity of the - illumination through the substrate 
laser beam drops to l/e of the peak value ’ value at the new time. 

by a continuous wave (CW) argon ion laser. The laser corresponding to the annealing laser power. The laser 
was used either in the multi-line mode, or as a single beam is focused by a spherical lens with a focal length 
line source at a wavelength, 1 = 514.5 nm (green of 7 cm. The l/e irradiance radius of the annealing 
light). The maximum power emitted from the laser beam was measured using the rotating chopper tech- 
aperture associated with this wavelength is about 2.5 nique presented in ref. [IO]. A Gaussian laser beam 
W. The laser operates in the TEM,, mode and the envelope, defined by a minimum beam radius and a 
output beam has a Gaussian intensity distribution. focal waist position was fitted by a least-squares error 
A beamsplitter is used to provide a reference signal minimization to the experimental data. The radius of 
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FIG. 1. Sketch of the basic structure studied in this work 

the focal waist on the Gaussian fit is 19.3 pm. The the apparatus shown in Fig. 2. Details of the reflec- 
experimentally measured minimum beam radius was tivity microprobe have been described in [ 131. A HeNe 
17.4 pm. Point by point comparison of experimental laser of 5 mW nominal power is used as the probing 
data showed a variation of f 7%. beam. This source emits at a wavelength, 1 = 632.8 

Normal reflectivity measurements are made using nm (red light). The probing beam is focused on the 
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FIG. 2. Schematic of the laser annealing apparatus. 



1222 C. P. GRIGOROPOULOS er al. 

sample by a 30x microscope objective lens with a 
focal length of 6 mm. Using experimental techniques 
and Gaussian laser beam theory, the I/e irradiance 
radius corresponding to the focal waist was deter- 
mined to be 4.3 pm. As a result, the spatial resolution 
of the microprobe is about 9 Llrn. The localized reflec- 
tivity measurement experiments were performed with 
the sample placed at the focal waist of the probing 
laser beam. The reflectivity microprobe can be moved 
in a plane parallel to the sample by two piezoelectric 
motors. The repeatable positioning accuracy of these 
motors is 1 /tm. The accuracy of the reflectivity micro- 
probe apparatus was checked by measuring the 
reflectivity of oxidized crystalline silicon wafers, which 
were well characterized by ellipsometry. The refiec- 
tivity of these samples was measured by placing a 
HeNe laser head at a distance of about 2 m from the 
sample surface. The HeNe laser beam was incident on 
the sample at a small angle (-0.3”) with respect to 
the normal and the sample surface. These measure- 
ments and the reflectivity microprobe measurements 
were in close agreement (absolute reflectivity devi- 
ation within 0.005). 

In these experiments, the data acquisition system 
and the electronic instrumentation and control have 
been designed to capture the transient effects. Signals 
from the reflected light, detector I, and the annealing 
laser beam reference, detector 3, are measured by a 
digitizing oscilloscope. The probing laser beam ref- 
erence, detector 3, is measured using the high speed 
voltmeter accessory of a data acquisition contol unit. 
The acquisition frequency for both devices is set to 100 
kHz. A computer controller uses internal triggering 
commands and a two-channel function generator 
accessory to simultaneously trigger the electronic 
shutter and the data acquisition hardware. The time 
for full shutter opening is less than 0.2 ms. 

3. THIN FILM OPTICS 

Thin film optical theory is used to derive the optical 
properties of the sample structure. The encapsulation 
layer and the polysilicon film are sufficiently thin for 
wave optics to be important. The substrate, however, 
has a large thickness to wavelength ratio, d,/l, so that 
light interference effects in that region are smoothed 
out by variations of the substrate thickness and flat- 
ness. Electromagnetic wave interference must there- 
fore be considered in the thin films, while light reflec- 
tion and transmission in the substrate can be modeled 
using ray-tracing [ 141. The following expressions for 
reflectivity and transmissivity are obtained for a bare 
substrate, in the case of normal incidence 

+= 71~7~2 
5Y 

1 - Rs, 42 
(lb) 

7,, = I-R,, (2b) 

fori,i= 1.2,ors. 
The characteristic transmission matrix, Jfl, [ 151, 

representing an absorbing thin layer of thickness d,, 
and having a complex refractive index, ii,, is given by 

211 . i 
cos 

.,d, = 

: 

( > (-- )‘ 

.., sin.$d, > --:,;; 

(3) 

The two-layer transmission matrix, JZ:, for light 
emanating from region 1 is 

A!; = .,‘M,,, x A,,. (4) 

The reflection and transmission coefficients, r, and I,, 
are 

(.&+(I, l)+-~r’(1,2)n,)-(J~:(2, l)+.M:(2,2)n,) 
(A: (I, I) +./fltc: (I, 2)nJ + (.&: (2, I) +JZ: (2,2)n,) 

(54 

cr = 

2 

The film reflectivity and transmissivity in terms of r: 
and f,:,, follow 

4, = Iv: I2 (64 

7 - rz,lf,tf12. ITS - (6b) 

Let Rsr, and rrn be the two-film reflectivity and trans- 
missivity, but for light propagating in the substrate- 
film-air direction. Equations (la) and (I b) then yield 
the following expressions for the structure total 
reflectivity and transmissivity 

7+ 
71k7,2 

me’ = I -R,,, R,, 

The above expression for the structure reflectivity is 
identical to the result derived in ref. [ 161 by averaging 
phase &Kccts through the substrate. The annealing 
lasrr hcam illuminates the sample through the sub- 
\tr.ttc. The substrate reflectivity (R;) can be calcu- 
lated using ray-tracing 

Rs,b%2 
R; = R,s+ I-R R . 

r2 r, where 
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FIG. 3. Predicted normal incidence reflectivity R&r of the 
sample structure for different silicon film thicknesses, as a 
function of the silicon layer temperature. The sample is 

illuminated by the probing laser beam. 

The total reflectivity is obtained by replacing R,, with 
R,,,, which corresponds to light propagation in the 
polysilicon/Si02 structure 

Figure 3 shows the predicted reflectivities for the 
probing laser beam for different silicon film thick- 
nesses. The data given in ref. 1171 for the bulk-form 
crystalline silicon film complex refractive index have 
been used in the calculations. The liquid silicon refrac- 
tive index [ 181 is used to determine the reflectivity of 
molten silicon. A reflectivity value of 0.57 is expected 
for the annealing laser beam (I = 514.5 nm) when the 
thin silicon film has melted. 

4. COMPUTATIONAL ANALYSIS 

The absorbed laser energy generates a temperature 
distribution in the silicon film. Heat is lost by con- 
vection and radiation from the top and bottom sur- 
faces of the structure. An x-y-z system of Cartesian 
coordinates is considered fixed on the annealing laser 
beam center, with the origin at the top encapsulating 
layer surface, and the z-coordinate pointing into the 
substrate (Fig. I). The target may travel with a speed, 
V, in the x-direction. An infinite computational 
domain is assumed in the x- and y-directions. The 
silicon film and the capping layer are sufficiently thin, 
so that temperature variations in the z-direction 
across these layers may be neglected for the milli- 
second time scales considered in this work. The two 
layers can therefore be considered as lumped, so that 
the numerical stability requirement is relaxed, and the 
computing time reduced, without any significant loss 
of accuracy. The heat conduction equation in region 
f, the lumped layer region, may be written as 

+ ”  

ay 

+ qnbr -  (qrad +%v +qcd) 

d (10) 

where d = d,, + d,,,. The target is assumed to travel in 
the x-direction. The heat conduction equation in the 
substrate is 

(,,,,(~~ + vg = $(k,,gj 
+&~)+&s~). (II) 

The boundary conditions are 

s--* +m - 7 Tr = T,, = T, 

y-, +a, T, = r,, = T, 

z = 4 Tr = T,, 

- - d+d,,, _- -&,F= h,(T,,-T,) 
z 

+~siN-,i- T”,). 

Initially, the temperature is T, everywhere. The 
lumped layer volumetric specific heat, (PC,&, is given 
by 

The equivalent lumped layer thermal conductivity, k,-. 
is calculated considering a local network of thermal 
resistances. Changes in the thermal conductivity 
between the solid and liquid silicon are thus taken 
into account. The laser beam energy that is absorbed 
by the silicon layer is given by 

q;g,,s(x,y, T,) = 5 [I -R,,(T,)-~li(Tr)lqii(.\‘ry) ,= I 
(13) 

where n, is the number of laser beam peak wave- 
lengths and qi,(x. y) is the laser light source irradiance 
distribution. The beam irradiance distribution can be 
shaped to be elliptical 

or circular as given by 

4iik Y) = 4119 ev s’+y’ [ 1 -w:;. (15) 
The radiation loss from the region f is calculated from 

qrad = m,(T;-T:). (16) 

The hemispherical total emissivity, .sr, is calculated 
by analyzing the electromagnetic wave propagation 
through the multilayer structure, which is considered 
isothermal and at thermal equilibrium with its sur- 
roundings, subjected to blackbody irradiation. Light 
absorption and emission are calculated by applying 
the Poynting vector theorem and Kirchhoff’s radi- 
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ation law. The convection heat loss in equation (IO) 
is given by 

4C” = h(T,- TX). (17) 

The heat transfer coefficients, /I, and /I,,, are estimated 
using expressions for free convection from horizontal 
surfaces. The radiation and the convective losses are 
very small compared to the laser light absorption in 
the semiconductor layer. The length scales considered 
in this problem are small; consequently the thermal 
gradients are steep, so that conduction is the dominant 
mode of heat transfer in the solid phase. This is also 
true for the liquid silicon phase, which is opaque to 
radiation, exhibiting a metallic behavior. The com- 
plete radiative transfer equation does not need to be 
solved in the multilayer structure as is the case in the 
large scale vertical Bridgman system for bulk silicon 
crystal growth [l9]. Finally, qcd in equation (IO) 
accounts for the conduction loss to the substrate, 
which can be calculated using the temperature differ- 
ence between the grid points on the two sides of the 
silicon-substrate interface and the equivalent thermal 
resistance between them. In order to use the enthalpy 
formulation for the region f, the enthalpy-tem- 
perature relation for that region must be established. 
The enthalpy of the lumped material per unit volume 
can be written in terms of the enthalpies of its con- 
stituents 

e d e, = EnC cnc +e,4, 
d . 

No phase change is considered for the capping SiO, 
layer, and its volumetric heat capacity can be assumed 
constant 

For an element of the silicon film completely in solid 
or liquid phase 

I 

T 
es = (PC,),, dT solid (204 

Trn 
T 

e, = 
s 

(PC,,),, dT+ L liquid. (2Ob) 
rm 

If the element of the silicon film contains both phases, 
an average enthalpy may be defined as 

e,i =A + (1 -f;k (2Oc) 

wheref; is the volumetric fraction of the element in 
the liquid phase. By substituting for ecnc and e,, in 
equation (18) from equation (19) and equations 
(20a)-(20c), a relation between the enthalpy and tem- 
perature of a grid point in the lumped region is 
derived. The enthalpy formulation is used in the phase 
change zone of the lumped layers. The left-hand side 
of equation (10) is written in terms of enthalpy 

+ q.bs - (qrad + % + qcd ) 

d . (21) 

The solid-liquid interface location is a function of x, 
y, and 1. At any point on the interface the following 
conditions apply [20] 

T, = T, = T, (22) 

[I+(:]][ ] k,f$-k,$ = L% (23) 

k,$k,~]=L.($-V). (24) 

The computational domain in the X-Y plane is div- 
ided into the inner region, which contains the liquid 
material, and the outer region (Fig. 4(a)). Each region 
is discretized by using a fixed in time orthogonal mesh. 
For the circular beam intensity profile, the inner 
region consisted of 21 x 21 grids located 7 pm apart 
(AX, = Ayj = 7 pm), while for the elliptic beam profile 
45 x 15 grids of the same size were used. In the outer 
region grid sizes of either Ax, = Ay,, = 50 pm or 
Ax,, = 35 pm and All0 = 50 pm were used. The time 
step used in the calculations was At = 4 x IO- ’ s. The 
results were virtually identical when a time step. 
Ar = 2 x IO- ’ s, was used for the circular beam inten- 
sity case and zero translational speed. 

Equations (IO), (I I), and (21) were written in 
explicit finite difference forms. The enthalpy for- 
mulation, equation (21) was only used for the inner 
region of the lumped layers, where the phase change 
occurs. For the outer region of the lumped layers 
the conduction equation (10) was used. The three- 
dimensional conduction equation (11) was used to 
solve for the temperature distribution in the substrate. 
Figure 4(b) shows the solid-liquid interface crossing 
the volume element (i, j) in the lumped layer region. 
At time t, the interface S divides the silicon part into 
a liquid portion f;(AxiAyi) and a solid portion 
(I -~;)(A.Y~A~~). After a small increment in time, Ar, 
the interface moves to new location S’ resulting in 
a change of the liquid portion. The progress of the 
interface can be calculated from the finite difference 
forms of equations (23) and (24). Once Y:(i) and 
X:(j) are calculated, they can be used to obtain the 
new liquid portion f’ at the time t +At. If the inter- 
face is in the element at the center of the laser beam, 
the following equation must be used 

-k T,-TdkA 
I Y,(i) . (25) 

This equation assumes radial symmetry for the inter- 
face as long as its diameter is less than Axi. At the 
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FIG. 4. Top view of the melt pool in the silicon film showing : 
(a) subdivisions in the physical domain; (b) progress of 

solid-liquid interface during time Ar. 

beginning of melting, when Y,(i) = 0, the last term of 
equation (25) becomes infinite. This singularity can 
be removed by writing equation (25) in a backward 
time difference form. Therefore, for the starting con- 
ditions at the beginning of melting 

L Y:(i) k T’,(i,.j+l)-T, -k T,-T;fi,jf 
__ = ’ y(j+ I)- Y:(i) Af ’ y:(i) 

(26) 

However, equation (19) has two unknowns, namely 
Y:(i) and T;(i,j). The latter can be replaced by the 
enthalpy e; (i, j), using equations (I 8)-(20). There- 
fore, equation (26) can be written as 

L Y:(i) 7-i.(i,j+l)-T, 
p=k,-. 

At A/+ 1) - K(i) 

x-1 

+ (PC/Jr 

Equation (27) is solved numerically for Y:. 

The thermal conductivity of the solid silicon varies 
with temperature [2l] 

k,, = 2.99x lO”/(r-99)Wm-’ K-’ (28) 

where 7’ is in K. The solid silicon volumetric specific 
heat is given by [21] 

(PC,,),, = 1.45x IOh+86500(T-270)0~~‘Jm-’ K-‘. 

(29) 

The thermal conductivity and the volumetric specific 
heat of the liquid silicon are k,, = 67 W m- ’ K- ’ and 
(p(;),, = 2.43 x IO’J m-j Km ‘. 

The glass thcrmophysical properties are 
(PC,,)~,,~ = (PC,)., = 2.64x IOh J mm’ Km’ and 
k,,, = k,, = I .4 W m- ’ K- ‘. These values are 
assumed constant. 

Determination of the temperature distributions and 
the location of the solid-liquid interface involves the 
following steps : (i) the enthalpy of grid points in the 
inner region of the lumped layers and the temperature 
of the grid points in the outer region and the substrate 
are calculated using the explicit finite difference forms 
of equations (2l), (IO) or (I I) ; (ii) prior to any phase 
change, the temperature of the points in the inner 
region is calculated from the enthalpies using equa- 
tions (I 8). (19) and (20a) ; (iii) the temperatures of all 
grid points in the inner region are compared with 
the melting temperature of silicon. If any of these 
temperatures is greater than T,,,, the solid-liquid inter- 
face is assumed to be in that mesh element; (iv) the 
initial size of the interface is calculated from equation 
(26). For the subsequent time steps, equation (27) is 
used to determine the radius of the interface as long 
as it is less than Ax,/2; (v) once the interface passes 
the boundary of the first mesh, equations (23) and 
(24) are used to track its progress in the .r- and X- 
directions, respectively; (vi) the new solid-liquid inter- 
face is then represented by an interpolating poly- 
nomial ; (vii) the volume fraction of each subdivision 
is calculated by integrating the interpolating poly- 
nomial; (viii) finally, the temperature of the mesh 
containing both the solid and liquid phases is cal- 
culated from equations (I@, (19) and (20~). 

5. RESULTS 

The calculations were carried out for a range of 
laser beam parameters. The finite shutter opening time 
was accounted for in the initial temporal distribution 
of the incident laser beam energy. The laser beam 
power was varied from PT = I .O to 1.8 W and the 
beam radius corresponding to I/e intensity, Wib, was 
varied from 30 to 80 pm. The results have shown 
that after an elapsed time of 20 ms, a quasi-steady 
temperature distribution and melt pool size are vir- 
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tually established. Figure 5(a) shows the temperature 
rise in a non-moving silicon film, at the center of the 
laser beam for beam radii of 30, 40, 50, 60, 70. and 
80 itrn and a total power of 1.8 W. The rate of the 
temperature increase is reduced after the beginning of 
melting. This erect is pronounced for the larger beam 
radii for which the radial variation of the beam inten- 
sity is milder. The change in the temperature rise after 
the initiation of phase change is also due to a larger 
thermal conductivity of liquid silicon than that of the 
solid silicon at the melting temperature. It is also 
caused by a drop in the absorption of the silicon film 
by almost 40% as a result of phase change to liquid. 
For IV,,, = 30 pm, the silicon temperature at the center 
reaches the boiling point, Thr = 2628 K, within 5 ms. 
This is related to the ‘keyhole’ formation observed in 
the experiments [IO]. The numerical scheme does not 
consider this effect. The computations indicate that 
the substrate temperature in the vicinity of the silicon 
layer, as well as the encapsulating layer temperature, 
may rise above the softening point, which for fused 
silica is about I850 K [22]. Specific transition tem- 
peratures with accompanying latent heats of fusion 
are not available for glass materials, and thus are not 
taken into account. Figure 5(b) shows the melt pool 
size for the same parameters as in Fig. 5(a). As the 
beam radius is increased, the beginning of melting is 
delayed. Figure 6(a) gives the radial distribution of 

(a) 
z 3ooo I 
a Tbp ---- 

2 t /- -I 

IO 
Time (ms) 

(b) 

Time (ms) 

FIG. 5. (a) Silicon temperature at the center of the laser 
beam, and (b) melt pool radius for PT = 1.8 W, IV;,, = 30. 

40,50,60,70and80~mand V=Omms-‘. 

the silicon temperature at I = 20 ms. At IV,,, = 80 
ltm. the temperature across the molten zone is almost 
uniform, and stays close to the melting point. The 
temperature penetration into the substrate is depicted 
in Fig. 6(b). 

Figure 7(a) shows the melt pool for IV,, = 53 /lrn 
and a sample translational speed, V = 2 mm s- ‘. At 
V = 2 mm s- ’ the shape of the pool is only slightly 
distorted due to the effect of the translational speed 
of the target material. The calculated diameter in the 
s-direction is 112.4 pm and the diameter in the J- 
direction is 110.6 ltm. The experimental value of the 
average molten pool diameter was I I9 pm, indicating 
a relatively good agreement between the numerical 
and experimental results. Figure 7(b) shows the melt 
pool size for the same laser beam parameters and 
V = 40 mm s- ‘. respectively. As the translational 
speed is increased, the melt pool becomes smaller. and 
the elapsed time for achieving quasi-steady conditions 
is shorter. At the larger beam diameters (at p-r = I .8 
W, this occurs in the neighborhood of IV,, = 70-80 
itm) partial melting was observed. The partially 
molten zone contains liquid coexisting with solid 
filaments [23]. The present numerical scheme does not 
address this phenomenon, since it assumes that the 
molten zone contains only the uniformly liquid phase. 
As the temperature gradients across the solid-liquid 
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FIG. 6. (a) Radial distribution of the silicon temperature for 
Pr = I.8 W, IV,, = 40. 50. 60 and 80 pm al I = 20 ms. and 
V = 0 mm se ‘. (b) Temperature profiles in the substrate 
along the centerline of the laser beam at I = 0.5. I. 5. 20 ms. 

for PT = I .8 W, IV,, = 50 pm, and V = 0 mm s- ‘. 
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interface decrease, the phase change boundary may 
become unstable with respect to temperature held 
perturbations. These instabilities are surface tension 
limited and may give rise to solid-liquid coexistence 
[24,25]. The difference between the experimental data 
and the numerical results may also be due to depar- 
tures of the thin film thermal and optical properties 
from the bulk form values [26. 271. 

Figure 8(a) shows the melt pool size for a laser beam 
with elliptic intensity distribution, with IV;,,,, = 36 /tm 
and IV,,, = 76 jtm and a speed, k’ = 2 mm se ‘. The 
calculated lengths of the major and minor axes of the 
elliptically shaped molten pool along the s- and .r- 
directions, at f = 20 ms, are 144 and 80 ltm. respcc- 
tively. The corresponding experimental values are 166 
and 78 pm. At a material translational speed, V = 40 
mm SC’, an elliptical laser beam with the same par- 
ameters generates the temperature field shown in Fig. 
8(b). Steeper temperature field gradients develop 
ahead of the molten pool due to the sample trans- 
lation. 

The computational predictions of the temperature 
field can be converted to surface reflectivity response 
to a HeNe probing laser beam (Section 3). Using 
the in siru normal incidence reflectivity measurement 
apparatus, transient reflectivity signals are obtained 
at the laser beam center (Fig. 9(a), and at a point at a 
distance of 40 /cm from the center of the laser beam 

x (pm) (b) 500 1000 
3lOpm I500 

1000 

FIG. 8. Me11 pool in the silicon lilm for P, = 1.X W. I,V,,, = 36 
Atm. IV,,, = 76 Jtni: (a) at I = I. 3. 5. IO. 20 ms. I,‘= 2 mm 
s ’ : (b) conlour plot of the temperature lield in the silicon 

layer at ( = IO ms, C’ = 40 mm s ‘. 

(Fig. 9(b)). The theoretical predictions yield higher 
reflectivity values. but indicate the same trends of 
transient response. The experimental method was 
applied to the investigation of the phase change pro- 
cess by placing the reflectivity probe at the center 01 
the annealing laser beam. In the case of a laser beam 
power. P, = I .4 W, Fig. IO shows good agreement 
for the time taken to reach the solid phase reflectivity 
peak (which is predicted at a temperature of approxi- 
mately 700 K). On the experimental signal. the tran- 
sition to melting is not marked by a sharp incrcasc 
to the liquid silicon value. A positive slope of the 
reflectivity signal with time is expected, due to the 
finite size of the probing laser beam. The observed 
oscillatory trend, however. is interesting. The mag- 
nitude and temporal width of the successive reflec- 
tivity peaks increase progressively with time. The com- 
putations predict melting at a time. I = 2.3 ms. On 
the experimental curve this time corresponds to the 
beginning of a reflectivity rise. The experiment and 
the computational prediction at higher laser beam 
power, P, = I .8 W, are compared in Fig. I I (a). The 
oscillatory behavior of the experimental reflectivity 
trace is a consistent characteristic of the melting 
process. It indicates that melting of silicon films using 
optical sources in the visible range is initially non- 
uniform. As the material begins to melt, there is a 
tendency to return to the solid phase, because of the 
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FIG. 9. Transient reflectivity signal hislories for a non- FIG. IO. Comparison of experimental and computational 
moving, 0.5 jtm-thick silicon film, heated by a mono- results for a non-moving, 0.5 pm-thick silicon film, heated 
chromatic argon laser beam, i. = 514.5 nm, PT = I.0 W and by a monochromatic argon laser beam with i, = 514.5 nm, 
W = 60 pm, obtained by the numerical analysis and the PT = I .40 W, W = 60 pm : (a) over a 5 ms period ; (b) over 
experiment: (a) at the center of the laser beam; (b) at a a 20 ms period. 

distance of 40 pm from the center of the beam. 

significant laser beam energy absorption decrease with 
melting. The oscillations are interpreted as rep- 
resentative of a changing liquid-solid fraction in the 
region sensed by the optical microprobe. After 
sufficient exposure to the heat source, complete melt- 
ing is observed (Fig. 1 I(b)). 

6. CONCLUSIONS 

The solid-liquid phase change of a silicon film on 
an amorphous substrate due to the absorption of a 
CW argon laser beam was studied experimentally and 
computationally. A technique for acquiring transient, 
localized, itz sifu reflectivity measurements was 
developed. The spatial resolution achieved is limited 
by the spot size of the probing HeNe laser beam, 
and is about 9 pm. An optics model considering ray- 
tracing in the substrate and wave interference through 
the thin film structure was employed to calculate the 
response to the probing beam, as well as light absorp- 
tion in the semiconductor layer. The enthalpy for- 
mulation for the solution of phase change problems 
was modified and used to solve for the transient tem- 
perature distributions in the film and in the substrate 
as well as the melt pool size. The results have shown 
that the temperature distributions and the melt pool 
size are controlled by the total power and shape of 

the laser beam. along with the translational speed of 

the target material. For a given power, the tem- 
perature rise after the beginning of melting becomes 
smaller as the beam radius is increased. The melt pool 
radius increases with the beam size and decreases after 
reaching a maximum. For a given beam radius, the 
temperature of the silicon film and the melt pool size 
increase with increasing total power. The agreement 
between the numerical results and the experimental 
data is good for laser beam intensities that generate 
uniformly molten pools. The solid-liquid interface is 
only slightly distorted due to a material translational 
speed of 2 mm s- ‘. However: the shape of the melt 
pool is strongly dependent on the lateral distribution 
of the laser beam intensity. Computations for higher 
material translational speeds show phase boundary 
distortion, molten pool size reduction, and shorter 
elapsed times for reaching steady-state pool size. The 
numerical predictions were also compared to localized 
surface reflectivity measurements with good agree- 
ment. The acquired reflectivity signals at the beginning 
of the phase change process exhibit an oscillatory 
behavior, which suggests the possibility of initially 
nonuniform melting. Further improvements depend 
upon accurate knowledge of thin film optical prop- 
erties at high temperatures. High speed photography 
experiments are needed to capture the initial dynamics 
of the melting process. 
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