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Early stages of melting in Si under nanosecond laser pulse irradiation: 
A time-resolved study 

J. Solis and C. N. Afonso 
Institute de Optica, CSIC, Serrano 121, 28006 Madrid, Spain 

(Received 6 August 1990; accepted for publication 12 November 1990) 

Time-resolved reflectivity (TRR) measurements are performed in crystalline Si under UV 
and visible wavelength irradiation. The former are carried out with ArF excimer laser 
pulses whereas the latter are performed in micron-sized areas irradiated with Ar + laser 
pulses by means of a novel experimental setup. It is the first time that TRR measurements in 
the nanosecond regime are performed in micron-sized irradiated areas although they are 
very suitable to characterize processes in phase change optical storage and microelectronics 
applications. The energy density melting thresholds at both Ar + and ArF laser 
wavelengths are determined. The reflectivity values obtained for pulse fluences just above the 
melting threshold show that melting proceeds inhomogeneously being the near-surface 
region formed by a mixture of solid and liquid phases without a well-defined interface. The 
comparison of the results obtained with uv and visible irradiation indicates that 
inhomogeneous melting is a general phenomenon which does not depend on the irradiation 
wavelength. It is present in the early stages of the melting process and its origin is 
related to the phase nucleation process itself. As the laser fluence is increased, the evolution 
of the melt duration exhibits a “different” behavior which is related to the formation 
of a homogeneous molten layer on top of the surface. 

I. INTRODUCTION 

Time-resolved optical and electrical measurements 
have been widely applied to the study of pulsed laser an- 
nealing and melting of semiconductors.“2 Most of the re- 
ported works have dealt with rapid melting-solidification 
phenomena induced in Si by nanosecond laser pulses with 
fluences well above the melting threshold. Nevertheless the 
study of the material behavior at fluences around the melt- 
ing threshold is important in order to characterize the 
early stages of the melting process. 

The solid-liquid phase transition in Si is accompanied 
by a large increase of reflectivity (at visible and ir wave- 
lengths) due to the metallic nature of liquid Si.3-6 The 
optical transition is not abrupt and occurs instead over a 
finite energy range. It has been shown that maximum re- 
flectivity values intermediate between those of crystalline 
and liquid Si both at the melting temperature are reached 
when irradiating with nanosecond pulses from visible7 and 
UVULA lasers. The origin of this behavior is still controversial 
and has been explained either in terms of the molten layer 
thickness7*8 or by the formation of a non-well-defined solid- 
liquid interface’ (inhomogeneous melting). The latter ex- 
planation, reported for uv irradiation results, assumes that 
the near-surface region of the sample does not melt homo- 
geneously during the melt-in process but rather consists of 
a mixture of solid and liquid phases. 

Inhomogeneous melting phenomena have been also re- 
ported to occur during the irradiation of Si with visible and 
near-IR laser beams.‘e It has been pointed out that the 
existence of an intrinsic instability at the melting threshold 
of Si is due to the abrupt difference between the optical 
properties of the solid and the liquid material at these 
wavelengths. The power required to bring the solid mate- 

rial to the melting point (Tm) is then much lower than the 
one required to keep the liquid at Tm. For powers between 
these two extremes, the material has to remain at Tm and 
so its average reflectivity has to be intermediate between 
those of the liquid and the solid. It yields the formation of 
a non-well-defined solid-liquid interface in which solid and 
liquid material coexist in the homogeneously irradiated 
material.“*” This “optical induction” model for inhomo- 
geneous melting has been used” to account for the exist- 
ence of laser induced periodic surface structures (LIPSS) ” 
when irradiating semiconductors with fluences just above 
the melting threshold. However this explanation is not 
valid for the case of uv irradiation’ since at these wave- 
lengths the optical properties of liquid and solid Si are not 
too different. Other explanations like inhomogeneities in 
the spatial distribution of the laser radiation, microscopic 
imperfections in the sample surface or the phase nucleation 
process itself were proposed. 

This work presents a time-resolved optical study of the 
processes induced in c-Si by irradiation with nanosecond 
laser pulses. Its aim is to characterize by means of optical 
measurements the processes induced in Si by laser pulses 
with fluences in the neighborhood of the melting threshold 
in order to obtain information about the early stages of 
melting and the liquid-phase nucleation process. We have 
used nanosecond laser pulses from two different lasers in 
order to compare the results obtained with visible (Ar + 
laser) and uv (ArF excimer laser) light irradiation. The 
former laser is used to induce melting in micron-sized areas 
whereas the latter is used to irradiate macroscopic ones. In 
both cases the optical probe is a HeNe laser. 

To our knowledge, this is the first reported experiment 
in which time-resolved optical measurements are used to 
characterize irradiation processes induced by nanosecond 
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FIG. 1. Schematical drawing of the experimental setup used to perform TRR measurements on micron-sized areas when irradiating with Ar + laser 
pulses. 

pulses both at Ar + laser wavelengths and at micron-sized 
areas by focused laser beams. The use of time-resolved 
optical measurements to characterize the processes in- 
duced by focused laser beams has been reported before for 
laser pulses in microsecond or longer regimes13V’4 and is a 
very useful technique for microelectronics and optical stor- 
age applications. 

Melting thresholds at both pump wavelengths are de- 
termined. The reflectivity values measured for fluences just 
above the melting threshold show clearly that, indepen- 
dently of the irradiation wavelength (uv or visible radia- 
tion), the melting process proceeds inhomogeneously, with 
a non-well-defined solid-liquid interface. It will be shown 
that this inhomogeneity is a characteristic of the early 
stages of the melting process. 

output power. An intracavity acousto-optic modulator 
( AOM) allows to obtain Gaussian 18 ns (2 X l/e intensity 
decay) pump pulses or cw radiation. The latter can be 
pulsed by means of an external acousto-optic modulator 
(AOM 1) to produce square pump pulses with pulselengths 
ranging from 200 ns to cw. The use of AOMl is also nec- 
essary to cut off a low-power cw spurious radiation which 
comes out from the laser when it operates at 18 ns. The 
ratio from the spurious signal to the pulse peak power is 
typically 1/105-106. Depending on the material, this back- 
ground can be large enough to induce a preannealing effect 
when it is focused on the sample during periods of time in 
the millisecond regime. In order to minimize this effect, the 
external acousto-optic modulator is switched on during 
160 ns, being the intracavity generated pulse centered at 
this time interval. 

II. EXPERIMENTAL PROCEDURE 

The samples, N-type 0.2 R/cm Si ( 111) wafers, are 
irradiated with nanosecond pulses provided either by an 
intracavity modulated Ar + laser or an ArF excimer laser. 
In both cases a pulsed HeNe laser (632.8 nm) is used to 
monitor the reflectivity of the material during irradiation. 

The experimental setup used to perform the irradia- 
tions and time-resolved optical measurements when irradi- 
ating with Ar ’ laser pulses is schematically shown in Fig. 
1. Both pump and probe beams are focused at normal 
incidence onto the sample to a I/e beam radii of 4 and 1.7 
pm, respectively. The Ar + laser is operated in multiline 
mode (R = 2488, 514 nm) in order to obtain its maximum 

The probe pulse power and length are suitably adjusted 
in order to optimize the signal-to-noise ratio and to avoid 
any appreciable heating or damage in the samples due to a 
long duration cw annealing.t5 The probe pulse is triggered 
before the pump pulse reaches the sample and its pulse 
length is usually set to be at least ten times the pump pulse 
length. With this pulse scheme, the optical properties of 
the material both before and after irradiation are moni- 
tored. It is also ensured that the transient process induced 
by the irradiation is completed. In the present research we 
use 2800 ns square pulses with a power at the sample site 
of 1 mW. The temperature increase induced by this probe 
pulse is estimated to be lower than 5 K per absorbed 
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mW.‘“18 
The pump and probe beams are overlapped at the sur- 

face of a dielectric mirror (DM) to be then focused con- 
centrically on the sample at normal incidence. The latter is 
mounted in a XYZ micropositioning stage and moved to a 
new position after each laser shot. A high-dispersive spec- 
troscopic prism is used to eliminate any residual contribu- 
tion of the pump pulse to the reflectivity signal. As can be 
seen in Fig. 1 the experimental setup can be also used to 
perform time-resolved transmission measurements during 
the irradiation of semi-transparent materials. The use of 
normal incidence for both pump and probe beams as well 
as the excellent signal-to-noise ratio achieved allows a res- 
olution both in the reflected and the transmitted light mea- 
surements better than 0.5%. 

The detection of the optical transients is performed by 
means of fast 500-ps risetime compact p-i-n detectors. 
Their signals are filtered with a narrowband notch filter in 
order to suppress the 500 MHz modulation produced by 
mode competition in the HeNe laser. The optical transients 
are finally recorded by means of a 500-MHz transient dig 
itizer (Tektroniks 79 12 AD) remote controlled by a com- 
puter. A fast detector is used to trigger the digitizer by the 
pump pulse itself. The position of the transients with re- 
spect to the irradiation pulse is then determined within f 1 
ns. 

In the present research we have used 18-ns pump 
pulses with energies ranging from 74 to 164 nJ at the sam- 
ple site. Taking into account the pump beam Gaussian 
energy distribution, the conversion of these values to flu- 
ences leads” to energy density values at the maximum 
ranging fron 148 to 328 mJ/cm’. Several transients are 
recorded at different sample positions for each energy den- 
sity value. 

The uv irradiations are performed with 12 ns 
(FWHM) laser pulses provided by an ArF excimer laser 
(Questek 2440, il = 2193 nm). A 104-mm focal length cy- 
lindrical lens is used to focus the laser beam over a 
0.75 X 6.75 mm2 area. The probe beam is incident at 12” off 
the surface normal and is focused to a- 160 pm l/e beam 
radius at the center of the irradiation area. Similarly to 
what is already described for the Ar + laser experiments, it 
is pulsed to 2800 ns. The pump beam energy distribution 
over the probed area is homogeneous within 5% and the 
energy density values are ranged from 475 to 1283 mJ/ 
cm2. The detection and signal processing equipment is 
identical to that already described. 

III. RESULTS 

Figure 2 shows the reflectivity of Si as a function of 
time for several values of the pulse energy density when 
irradiating with Ar + (a) or excimer (b) pump pulses. In 
both cases the time scale origin (I = 0) is taken at the 
pump pulse maximum. As a consequence of the irradia- 
tion, the reflectivity increases to reach a maximum value 
(R,,,) whose position depends slightly on the pulse energy 
density (1). The measured initial and final reflectivity lev- 
els are equal to that of c-Si at room temperature within the 
experimental resolution (R = 0.35) .20 The apparent differ- 

0.45 

-20 0 
EI-le (4nos) 

60 60 

FIG. 2. TRR transients induced by ArC (a) and excimer (b) laser 
pulses. The pump pulse is included (- - - - -) and its maximum is taken as 
the origin of the time scale. The transients are induced by 148 (l), 208 
(2) and 268 (3) mJ/cm* laser pulses from the Ar+ laser (a) and 546 
(l), 665 (2), 760 (3), 807 (4), 863 (5),940 (6), 1093 (7), 1156 (8) and 
1283 (9) mJ/cm* laser pulses from the excimer laser (b). The transients 
plotted in (c) are obtained under irradiation with 208 mJ/cm* (-. -‘) and 
665 mJ/cm* (-) pulses from Ar+ and excimer lasers, respectively. 
R,(Tm) and R,(Tm) denote the reflectivity of crystalline Si and liquid Si 
at the melting temperature. 

ence observed after irradiation in Fig. 2 comes from the 
fact that the material requires times about 100 ns to reach 
equilibrium after the maximum of the pump pulse. This 
has been confirmed following the evolution of the tran- 
sients for times longer than 200 ns as well as measuring 
statically the reflectivity values before and after the irradi- 
ation. To ease the comparison between the transients in- 
duced by the Ar + and the excimer laser, Fig. 2(c) in- 
cludes transients induced by both lasers. Although the 
energy densities used in each case are different, they cor- 
respond to similar induced effects. 

A. Ar+ laser irradiations 

For J values above a threshold ( ~200 mJ/cm2), R,,, 
is reached at a constant time (t z 18 ns) and the cooling 
tail of the transients exhibits an inflection in the neighbor- 
hood of the pump pulse end. The evolution of the reflec- 
tivity value both at the inflection (Rinr) and the maximum 
(R,,,) as a function of J can be seen in Fig. 3. Figures 
2(a) and 3 suggest the existence of three different regimes 
as the energy density increases. They are evidenced by the 
slope changes in Fig. 3. 
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FIG. 3. Maximum transient reflectivity (R,,,) (0 ) and reflectivity value 
at the inflection (R,,r) (A ) vs Ar’ laser fluence when irradiating with 
Ar + laser pulses. The plotted R,,r values for J ( 200 mJ/cm* [absence of 
inflection, (- - - - - -)I correspond to the reflectivity value at the pump 
pulse end. The solid lines are guidelines and the bars denote average 
values. 

FIG. 4. Maximum transient reflectivity (R,,,) vs laser fluence when 
irradiating with excimer laser pulses. The solid line is a guideline. 

[Fig. 2(b)]. This slope change is clearer in an expanded 
scale [see Fig. 2(c)]. 

The Max values induced by excimer laser pulses as a 
The first regime corresponds to JG 180 mJ/cm2 and is 

characterized by R,,, values always below the reflectivity 
of solid Si at the melting point [RR,(Tm) = 0.41].21 An ap- 
proximately linear behavior of R,,, vs J is observed. The 
shape of the transients belonging to this regime is identical 
to that included in Fig. 2(a) for J = 148 mJ/cm2. No in- 
flection is seen in the cooling tail of the transients. 

The second regime is characterized by the rapid in- 
crease of both R,,, and Rinf as J increases within the 180- 
260 mJ/cm2 interval and by the fact that R,,, is reached 
z 18 ns after the pump pulse maximum independently of J. 
The Max values are around that of solid c-Si at the melting 
point but well below that of liquid Si at the melting tem- 
perature [RL(Tm) = 0.70-0.73].‘*22 All the recorded tran- 
sients present the inflection at the neighborhood of the 
pump pulse end as can be seen in Fig. 2 (a) in the typical 
transient belonging to this regime (J = 208 mJ/cm2). 

function of J are plotted in Fig. 4. For fluences below 
z 650 mJ/cm’, R,,, has a linear dependence on J and it is 
always below R,(Tm). For fluences above ~-850 mJ/cm2 
the induced R,,, values are very close to RL(Tm) and the 
effect of increasing the pulse energy density is to increase 
the melt duration without any significant changes in R,,, 
(see Fig. 4). The shape of the transients for these fluences 
well above the melting threshold is similar to that which 
has been widely reported in the literature. Between these 
two extremes (650 and 850 mJ/cm2) R,,, increases mono- 
tonically. The maximum transient reflectivity tends to the 
value 0.715 in excellent agreement with the value reported 
for RL(Tm) by Jellison and co-workers.22 The width of the 
transition from the reflectivity of solid Si to that of liquid Si 
both at the melting temperature is -200 mJ/cm2. 

IV. DISCUSSION 
The third regime which corresponds to 52260 mJ/cm2 

starts when the reflectivity value at the inflection point 
reaches a constant value equal to R,( Tm) (see Fig. 3). The 
shape of the transients is similar to that observed in the 
180-260 mJ/cm2 interval but now R,,, is always above 
R,(Tm) and increases slowly as J increases (Fig. 3). A 
typical example of this regime is the transient obtained 
with 268 mJ/cm2 in Fig. 2(a). R,,, values close to 
RL(Tm) are not reached in the studied energy density 
range (148-328 mJ/cm2) whose upper limit corresponds 
to the maximum output power of the used Ar + laser. 

A. Optical transients and melting thresholds 

When the excimer laser is used as the pump beam, the 
intensity distribution within the probed region is nearly 
homogeneous. In the case of the Ar + laser irradiations 
both the size and the Gaussian profile of the pump beam 
may influence the measured reflectivity values. The TRR 
transients induced by excimer laser pulses are then an ad- 
equate reference for the interpretation of the transients in- 
duced by Ar + laser pulses in micron-sized areas and will 
be therefore analyzed first. 

B. Excimer laser irradiations 

Similar to what was described for the Ar ’ laser irra- 
diations and for J values above a given threshold ( -650 
mJ/cm2 in this case), R,,, is reached at a constant time 
( =: 15 ns) and the cooling tail of the transients exhibits an 
inflection when the reflectivity reaches the value R,(Tm) 

It is clear from Fig. 4 that excimer laser fluences above 
~650 mJ/cm2 yield R,,, values above R,(Tm) and there- 
fore the material undergoes a solid-liquid phase transition. 
The inflection observed in the cooling tail of the transients 
at R = R,(Tm) [Fig. 2(c)] is then clearly related to the 
total disappearance of the liquid phase followed by the 
cooling of the solid material. The obtained energy density 
melting threshold [Jm( 193 nm) = 650 mJ/cm2] is in very 
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good agreement with that reported by Jellison and co- 
workers’ at 248 nm. Since the reflectivities of crystalline Si 
at 193 and 248 nm are very similar (0.68-0.69 versus 0.66- 
0.68) ,23 no appreciable differences are expected between 
the energy density melting thresholds at both wavelengths. 
The difference between our value and that reported by 
Foulon and co-workers* at 193 nm (395-417 mJ/cm2) 
could be related to the differences in the pump pulse length 
and shape used.24 For fluences J< Jm, the linear behavior 
of %w, (Fig. 4) can be roughly explained by the well- 
known linear behavior of the reflectivity of Si with temper- 
ature.2’ Nevertheless, a precise calculation should take into 
account the temperature dependence of the absorption co- 
efficient at the pump wavelength. Finally, it is clear that for 
fluences above 850 mJ/cm2 R,,, tends to RL(Tm) indicat- 
ing the formation of a homogeneous molten layer on the 
sample surface. The origin of the reflectivity values inter- 
mediate between R,( Tm) and R,( Tm) will be discussed in 
Sec. IV B. 

The energy density melting threshold at Ar + laser 
wavelengths can be estimated in a first approach as 268 
mJ/cm2 since this is the first experimental value which 
leads to R,,, values significantly higher than R,( Tm). Be- 
sides, for fluences higher than -2260 mJ/cm’, Rinf reaches 
a saturation value equal to R,(Tm) (Fig. 3) similarly to 
what is observed under irradiation with excimer laser 
pulses above the melting threshold. It can be then con- 
cluded that Ar + laser fluences above -2260 mJ/cm2 in- 
duce melting. 

However, the characteristic inflection in the cooling 
tail of the transients is first observed for Ar + laser fluences 
in the 180-260 mJ/cm2 but with Rinf values below 
R,(Tm). In order to understand this feature, two factors 
related to the characteristics of the experimental setup 
have to be taken into account: (a) The material is not 
homogeneously irradiated because of the Gaussian distri- 
bution of the Ar + laser beam intensity profile. (b) The 
pump and the probe beams are both focused on micron- 
sized areas. Depending on the energy density, the probed 
area may contain solid and liquid phases with a radial 
distribution and the measured reflectivity value would be 
then a weighted average of the reflectivities of the solid and 
the liquid material. This melt lateral extension effect in 
TRR measurements has been earlier reported for a similar 
experimental setup. It was shown there13 that as the irra- 
diation power increases, the melt radius increases as well 
and the measured reflectivity value tends to that of the 
liquid phase. A minimum melt radius of r,~2.1 r. 
(r. = I/e radius of the probe beam) is found to be neces- 
sary to probe only melted material. 

From the excimer laser studies, it is demonstrated that 
when melting occurs, an inflection is observed in the cool- 
ing tail of the transients. The presence of this inflection in 
the transients obtained with Ar + laser fluences between 
180 and 260 mJ/cm2 proves that the melting threshold is 
within this fluence regime. If we take into account the 
above discussion concerning the melt lateral extension ef- 
fects, we can conclude that fluences below 260 mJ/cm* 
(and above 180 mJ/cm2) induce melting but the lateral 

extension of the molten region is not enough to “saturate” 
the probe beam. Furthermore, we have seen experimentally 
that the first energy density value at the maximum able to 
induce melting in a circle of radius r, is 268 mJ/cm2. The 
average energy density of this pulse over the circle is 183 
mJ/cm* and therefore any pulse with a maximum energy 
density above 183 mJ/cm2 but below -2260 mJ/cm2 will 
induce melting but only in part of the probed area. This 
reasoning is in very good agreement with the experimental 
data. The presence of the liquid phase is evidenced by the 
appearance of the inflection together with the sharp in- 
crease of R,,, at 208 mJ/cm2 which is the first experimen- 
tal value above 183 mJ/cm2. It can be then concluded that 
the energy density melting threshold of Si at Ar + laser 
wavelengths must be in the 180-200 mJ/cm2 interval. 

B. Reflectivity levels just above the melting 
threshold and inhomogeneous melting 

In order to simplify the discussion concerning the op- 
tical properties of the irradiated material, in this part we 
will refer only to those irradiation conditions in which melt 
lateral extension effects are not present, 

The comparison of the TRR transients obtained for 
fluences above the melting threshold for both pump wave- 
lengths points out that the existence of maximum reflec- 
tivity levels (R,,,) between R,(Tm) and RL(Tm) should 
obey the same origin. It has then to be independent of the 
pump pulse wavelength. 

For the case of the irradiations with Ar ’ laser pulses, 
the absorption length of the solid material near the melting 
point is about 100 nm. This value is much longer than the 
skin penetration depth of the liquid phase at 632.8 nm. 
Therefore the melt depth induced by a pulse with J> 260 
mJ/cm2 should be enough to produce a “thick” liquid 
layer as measured by the probe beam. For instance, if the 
pulse were able to induce melting in a depth of just 10 nm, 
the probe beam would record a reflectivity level of 88% of 
that of a bulk liquid’ in disagreement with the experimen- 
tal observations. This estimation gives grounds for infer- 
ring that the existence of R,,,, levels above R,(Tm) but 
well below R,(Tm) is not related to a melt depth effect. 

A further argument, valid for both excimer and Ar+ 
laser irradiations, can be provided. If the intermediate re- 
flectivity values were caused by a melt depth effect, then 
the melt duration should continuously approach to zero as 
the pulse energy decreases. Nevertheless melt durations 
(7,) below z 15 ns are not experimentally observed. The 
discontinuity of r,,, as a function of J can be clearly appre- 
ciated in Fig. 5 for the case of irradiations with excimer 
laser pulses. It is not straightforward to determine the melt 
duration induced by the Ar + laser irradiation as a func- 
tion of the pulse energy density in the 180-260 mJ/cm2 
interval since the transients in this regime are influenced by 
melt lateral extension effects. However an underestimation 
of the melt onset can be done assuming that melt starts 
when the reflectivity equals the value at the inflection in the 
cooling tail of the first transient in this latter regime. Using 
this criterion, it is seen that the melt duration induced by 
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of a minimum time for developing a homogeneous molten 
layer when irradiating at fluences well above the melting 
threshold and give further support for this conclusion. 

The evolution of the melt duration (7,) as a function 
of the pulse energy density for the excimer laser irradia- 
tions (Fig. 5) points out the existence of two “different” 
melting thresholds. The first one which is coincident with 
the strong discontinuity of r,,, at -650 mJ/cm2 ( ~200 
mJ/cm2 for Ar + laser irradiation) should correspond to 
the energy required to nucleate the liquid phase. The sec- 
ond one, evidenced by the slope change at 850 mJ/cm2, 
corresponds to the energy density required to induce a 
homogeneous molten layer on top of the surface. 

0 500 1000 1500 
Pulse Energy Density (mJ/cm* ) 

V. CONCLUSIONS 

FIG. 5. Melt duration vs excimer laser fluence. The solid line was ob- 
tained from the best linear fits of the experimental data above the discon- 
tinuity. it shows two different slopes. 

Ar+ laser pulses with fluences above the melting threshold 
is also never lower than -20 ns. 

Earlier time resolved ellipsometry experiments during 
laser irradiation of c-Si and c-Ge with an excimer laser 
(KrF = 248 nm) have given results consistent with a non- 
homogeneous melt-in process.’ The front surface region is 
considered as a mixture of solid and liquid phases where 
the fraction of liquid and its thickness are time dependent. 
The optical transients obtained for energy densities slightly 
above the melting threshold showed two important fea- 
tures: (a) The melt duration was never lower than zz 20 ns 
and (b) The maximum transient reflectivity was reached at 
a constant time ( z 15 ns) after the pump pulse maximum. 
Both features are present in our results, when irradiating 
with excimer and Ar + lasers. We can then conclude that 
the existence of reflectivity levels between R,(Tm) and 
RL(Tm) is related to an inhomogeneous melting process. 

Since similar results are obtained when using visible 
and uv laser irradiation, inhomogeneous melting has to be 
a general phenomenon which is present in the early stages 
of melting. The origin of inhomogeneous melting phenom- 
ena in Si irradiated at visible and near IR wavelengths has 
been related to the important differences between the re- 
flectivity and the optical absorption of the solid and the 
liquid phases. l”,l ’ This explanation can be discarded com- 
paring the results obtained with visible irradiation (Ar f 
pump pulses) to those obtained by irradiation with uv light 
(ArF pump pulses) at which there are not significant dif- 
ferences between the optical properties of the solid and the 
liquid material. On the other hand, the absence of hot spots 
in the Ar + laser intensity distribution allows to discard 
inhomogeneities in the laser spatial distribution’ as the 
mechanism responsible for inhomogeneous melting. The 
most likely explanation is then to consider the inhomoge- 
neity of the early stages of melting as a consequence of the 
liquid-phase nucleation itself. Results from pulsed Raman 
experiments on c-Si irradiated at 530 nm25 as well as time- 
resolved ellipsometry experiments,’ indicate the existence 

A novel experimental setup has been developed in or- 
der to obtain high-sensitivity time resolved optical mea- 
surements on micron-sized laser irradiated areas. The en- 
ergy density melting threshold of crystalline Si at Ar + 
laser wavelengths (488, 5 14 nm) has been determined to be 
180-200 mJ/cm’. TRR measurements during pulsed exci- 
mer laser (193 nm) irradiation have been also performed 
and yield an energy density melting threshold of 650 mJ/ 
cm2. 

In both cases (uv and visible irradiation) the reflec- 
tivity levels measured for fluences slightly above the melt- 
ing threshold are consistent with an inhomogeneous melt- 
ing process. It is characterized by the formation of a zone 
in the near surface region in which liquid and solid phases 
coexist without a well-defined interface. 

From the comparison of the results obtained from uv 
and visible laser irradiation it is concluded that inhomoge- 
neous melting is a general phenomenon. It is present in the 
early stages of the melting process and does not depend on 
the irradiation wavelength. Its origin is related to the 
liquid-phase nucleation process itself. The evolution of 
both the maximum transient reflectivity and the melt du- 
ration as a function of the pulse energy shows the existence 
of two “different” melting thresholds related to the mini- 
mum energy density necessary for the nucleation of the 
liquid phase and to the minimum energy density required 
to develop a homogeneous molten layer on top of the sur- 
face. 
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