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Amorphous Ge films on Si films have been melted by single 30 ps laser pulses atl5583 nm and
a solidification process has been followed by means of real time reflectivity~RTR! measurements
with nanosecond time resolution. Evidence is provided for the occurrence of surface initiated
solidification for films with thicknesses in the 80–130 nm range. This process occurs at high
fluences following complete melting of the film and of a thin layer of the Si substrate which
undergoes mixing with the liquid Ge. The release of the solidification enthalpy of the latter layer
together with its lower solidification temperature favored by constitutional undercooling are
proposed as the origin of the initial gradient inversion required for such a process. This scenario
leads also to the formation of a secondary solidification front counterpropagating towards the film
surface, as suggested by optical simulations of the experimental RTR transients. A transition from
a surface initiated solidification process towards a bulk solidification process is shown to occur
when increasing the film thickness beyond 130 nm. The results further show that, besides the film
thickness, the pulse duration has a major influence on the type of solidification process induced.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1347958#
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I. INTRODUCTION

Considerable effort has been spent since the mid-19
on the study of the different solidification scenarios taki
place in semiconductors upon pulsed laser melting.1 Initially,
it was motivated by interest in the properties of liquid a
solid phases of a material far from the thermal equilibrium2,3

and in the application of laser annealing to recover dam
induced by ion implantation in semiconductors.1,4 Nowa-
days, this subject still receives much attention due to
wide field of applications that has become accessible du
the last decades, such as pulsed laser crystallization of
amorphous films for the fabrication of thin film transistors5,6

and the production of materials with very specific compo
tions such as strained layers of narrow-band g
Si12xGex .7–9 Whereas most work focused on the effects
ns laser pulses, the present work attempts to contribute
ther to understanding of the solidification scenarios indu
by subnanosecond laser pulses.

a!Corresponding author; present address: Femtosecond Optics Group,
ics Department, Imperial College of Science, Technology and Medic
Prince Consort Road, London SW7 2BZ, UK, electronic ma
j.siegel@ic.ac.uk
3640021-8979/2001/89(7)/3642/8/$18.00
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Generally, one can distinguish between two major soli
fication scenarios, bulk and interfacial solidification, whi
may even coexist under certain conditions. Bu
solidification10–13 is characterized by the formation of soli
crystalline or amorphous nuclei in a supercooled melt tha
at a homogeneous temperature. This means that nuclei
all over the isothermal liquid volume and grow until the
reach a critical size, above which solidification procee
While bulk solidification usually leads to crystallization
amorphous nuclei may be formed for very large superco
ings, leading to amorphization of the entire melt
volume.12,14

In contrast, interfacial solidification consists of an unde
cooled liquid/solid interface moving towards the region
maximum temperature, which is usually located at the s
face. The origin of this behavior is the nonefficient extracti
of heat towards the surrounding air due to its very low th
mal conductivity compared to that of a nonmolten mater
or substrate. Nevertheless, an interfacial solidification p
cess that is initiated at the surface and propagates in d
has also been observed to occur in Si amorphized by
implantation (a-Si),15–19although its driving force could no
clearly be established. A further interfacial solidification pr

ys-
,

2 © 2001 American Institute of Physics
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3643J. Appl. Phys., Vol. 89, No. 7, 1 April 2001 Siegel et al.
cess often reported is the explosive crystallization of am
phous films20,21 during which a thin buried liquid laye
propagates towards the substrate, leaving crystalline mat
behind. The occurrence of explosive crystallization requi
an amorphous-to-crystalline transformation upon solidifi
tion because the thermodynamic driving force for the pro
gation of a thin buried layer into the depth is the fact that
amount of latent heat released upon crystallization is su
ciently large to melt a thin amorphous layer undernea
Both scenarios, surface initiated solidification and explos
crystallization, have in common that a solid–liquid interfa
propagates towards the substrate which makes it difficul
distinguish between them when probing the sample sur
by optical techniques.16,19,21–23

In this work we demonstrate that surface initiated soli
fication can be induced upon ps laser pulse irradiation
amorphous Ge. We will provide experimental evidence t
this solidification process occurs once the melt front reac
the Si substrate and a thin Si layer melts. The heat diffus
process occurring at the film/substrate interface together
solidification of a Si–Ge mixture are found to be responsi
for the necessary transient inversion of the thermal gradi
The film thickness of the specimen has been introduced a
additional experimental parameter in order to modify t
heat flow conditions in a controlled manner. We have th
been able to study the transition between three of the so
fication scenarios mentioned above and to identify the h
flow conditions required by each of them.

II. EXPERIMENT AND SIMULATION

The samples used in this study were amorphous Ge fi
grown by dc sputtering from~99.999%! Ge targets using a
vacuum system with residual pressure of 331026 Torr and
Ar operating pressure of 431023 Torr. The deposition rate
used was 0.25 nm/s, obtaining films with a thickness of
50, 80, 100, 130, and 180 nm. The substrates were Si^100&
wafers covered by their native oxide and held at room te
perature during deposition. The optical constants of the fi
were measured by a commercial spectroscopic rotat
polarizer ellipsometer. The void fraction of the films w
estimated to be below 4% and relatively constant over de
for a film thickness between 50 and 200 nm.24

The films were irradiated by single 30 ps laser pulses
l5583 nm focused onto the sample surface to a size
about 200mm to reach fluences up to 320 mJ/cm2. The ab-
solute fluence at the sample site has been determined w
10% while determination of the relative fluence of two d
ferent pulses has an accuracy of close to 2%. In all cases
measurements were performed by exposing areas of the
to only one laser pulse. The transient reflectivity chan
induced by the ps laser pulse were monitored by a He
laser (l5633 nm) focused to 50mm onto the center of the
irradiated spot. The specular reflection of this beam at
film surface was collected by a fast photodiode connecte
a transient digitizer, providing a time resolution of a few n
Further details about the detection and the laser systems
can be found elsewhere.13,25
Downloaded 21 Jan 2013 to 161.111.22.141. Redistribution subject to AIP l
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Optical simulations of the induced reflectivity chang
were performed using two different computer programs
signed for this purpose. Both programs were tested and w
shown to work successfully.13 The first program is designe
to simulate a surface initiated solidification process progre
ing in depth and is based on an exact mathematical des
tion of the interaction of an electromagnetic wave with
isotropic planar multilayered system formed by layers w
different refractive indexes and absorption coefficients26

The program transforms layer by layer the optical consta
of the molten film@liquid Ge (l -Ge)#27 into the constants of
the different phases involved in the solidification proce
@amorphous Ge (a-Ge)24 or crystalline Ge (c-Ge)#28 and
calculates the reflectivity of the whole system at the mo
toring wavelength as a function of the transformation dep
The second program takes into account the case of inc
plete crystallization, i.e., the conversion of the molten v
ume into crystallites distributed within an amorphous matr
A good model for describing this situation is provided b
effective-medium theories such as the one developed
Bruggemann28 which is used here to calculate the reflectivi
evolution of a solidifying Ge film for a given crystalline
fraction. Furthermore, the possible presence of a secon
solidification front initiated at the substrate and propagat
towards the surface has been taken into account. For this
parameterdsol, i.e., the depth at which both solidificatio
fronts meet, has been introduced. In a first approximat
this can be done by taking the initial melt depth as the
rameterdsol in the simulation with only one solidification
front propagating in depth. Since the optical penetrat
depth inl -Ge is very small~about 8 nm!, the presence of the
solidification front propagating towards the surface c
hardly be detected except at a depth very close to the on
which both fronts meet. As a consequence, this approxi
tion should be reasonable despite its simplicity.

After irradiation, the films were characterized by Ram
spectroscopy in a micro-Raman configuration using a Ram
spectrometer attached to a metallographic microscope for
citation and scattered light collection.29 An argon ion laser
operating at 514 nm delivered the excitation beam. In or
to avoid the presence of both spectral broadening and/or
nealing of the surface due to laser induced heating, the po
of the excitation beam was kept low enough~a few mW! and
the beam was slightly defocused, leading to spatial resolu
of a fewmm. Since crystalline Ge produces a strong yield
298 cm21 in the Raman spectrum compared to the relativ
weak yield at 275 cm21 of the amorphous material,30 it could
easily be determined whether crystallization~partial or com-
plete! or re-amorphization had occurred upon solidificatio

The concentration profiles of selected regions of the
radiated films were measured by secondary ion mass s
troscopy~SIMS!. The measurements were carried out with
commercial time-of-flight secondary ion mass spectrome
of the fourth generation~TOF-SIMS-IV! using 1 keV Ar
ions for sputtering and 25 keV Ga ions for analysis. Both i
sources were incident at the sample surface at an angl
45° opposite each other. The dimensions of the sputte
area were in all cases 300mm3300mm, whereas the dimen
sions of the analyzed area were 70mm370mm. The ejected
icense or copyright; see http://jap.aip.org/about/rights_and_permissions
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FIG. 1. Real time reflectivity transients at 633 nm ina-Ge films with different thicknesses on Si substrates obtained upon ps laser pulse irradiation. Th
fluences used for each transient are given in mJ/cm2 in the legends. The characteristic reflectivity values at the maximum (Rmax), at the minimum (Rmin), and
at the second maximum (Rmax 2) are indicated in the transients of the 30 and 100 nm thick films. The reflectivity changes were normalized to the refl
of the corresponding initiala-Ge film and the temporal position of the ps pulse is in all cases att50.
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Ge and Si ions were detected by a 128 pixel3128 pixel de-
tector, allowing one to obtain spatial resolution of better th
1 mm by looking at individual pixels. This ensured that on
the very center of each laser irradiated area contributed to
measured yield, which was important in order to allow
direct comparison to the real time reflectivity~RTR! results
fulfilling the same condition. The sputter yield under t
present conditions was determined~by means of the com
puter programSRIM2000 based on Monte Carlo simulations!
to be Y(Ge)52.35 atoms/ion andY(Si)51.81 atoms/ion.
This means that sputtering of the Ge film is 1.24 times fas
than of the Si substrate, which has been taken into acc
when transforming the sputter time scales into depth sca
In order to avoid matrix effects like those found in the co
centration profiles at the film interface when measur
single-charged Ge and Si ions~Ge1 and Si1!, we have mea-
sured the double-charged Si ions and the single-charged
dimer ions~Ge2

1 and Si11!, which do not show these effect
In all cases, the intensities corresponding to all of the i
topes of the Si and Ge ions were summed up.

III. RESULTS

Figure 1 shows several representative RTR transien
different fluences for six samples with different film thic
nesses. For the 30 and 50 nm thick films, a sharp reflecti
increase up to a maximum (Rmax) is observed which corre
sponds to film heating and melting,Rmax being a function of
Downloaded 21 Jan 2013 to 161.111.22.141. Redistribution subject to AIP l
n

he

r
nt
s.

-
g

Ge

-

at

ty

the induced melt depth that is laser fluence dependent.11,13,27

The subsequent decay of the RTR transient to the final
flectivity is related to cooling and solidification. For the 8
nm thick film, only the transients obtained at low fluenc
are similar to those of the 30 and 50 nm thick films, where
for higher fluences the reflectivity maximum is followed b
an oscillation below the initial level. Such a minimum,Rmin ,
is also observed in the transients of the 100 nm thick film
here the minimum is followed by a second reflectivity ma
mum,Rmax 2. For the 130 nm thick film, the behavior of th
transients can be classified into three fluence regimes: At
fluences, the transients are similar to those of the 30 and
nm thick films. At high fluences, the transients behave si
larly to those of the 100 nm thick film at high fluence
although the minimum between the two maxima no long
reaches values below the initial level. At intermediate fl
ences, a shoulder develops at the temporal position of
minimum. For the 180 nm thick film, the transients do n
present any more oscillations, but they do show a continu
decay at low fluences and a shoulder in the reflectivity de
in the high fluence range.

In all cases, the slow reflectivity rise observed~4–10 ns
after the laser pulse! is related to the limited time resolutio
of the detection system used since, for the pulse dura
used, the melting-induced reflectivity rise actually occu
within the pulse duration, as was shown in Ref. 31. For fl
ences just above the melt threshold~2065 mJ/cm2 for all
icense or copyright; see http://jap.aip.org/about/rights_and_permissions
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3645J. Appl. Phys., Vol. 89, No. 7, 1 April 2001 Siegel et al.
films!, the transients recorded exhibit for all films acontinu-
ous decayafter Rmax. This behavior is consistent with a
interfacial solidification process from a shallow initial me
depth towards the surface, as reported earlier for a 50
thick film.30 This solidification scenario is favored becau
the large thermal gradient at the solid/liquid interface
caused by the fast heat flow towards the well conduct
substrate. At high fluences, only the RTR transients of
thinner films~30 and 50 nm! maintain this shape, indicatin
an interfacial solidification process towards the surface.

The transients obtained at intermediate to high fluen
in the thickest film~180 nm! and at intermediate fluences
the 130 nm thick film exhibit ashoulderinstead of continu-
ous decay. Similar transients have been observed earlie
Ge films on glass11 and on Si~Ref. 32! upon ns laser pulse
irradiation and in Ge films on glass upon ps laser pu
irradiation.13 The appearance of the shoulder has been
lated to recalescence effects after a bulk solidification p
cess, i.e., the release of latent heat upon solid phase n
ation leading to a temperature increase of the melt. B
solidification requires a melt at a homogeneous tempera
in order to allow solid nuclei to form all over the molte
volume. It has been found that recalescence occurs on
considerable melt depth~the amount of latent heat to be re
leased is proportional to it! is inducedand the melt solidifies
via a bulk solidification process.12,14,31,32For films grown on
thermally well conducting Si substrates, as in our case, th
requirements are only met if the melt is not in direct cont
with the substrate, i.e., they are thick films which are n
entirely molten. In such a case, the remaining solid laye
a-Ge between the melt and the substrate acts as a the
isolator due to its low thermal conductivity (Ka-Ge

50.01 W/cm K), thus reducing the heat flow towards t
substrate (Kc-Si51.0 W/cm K) and enabling homogenizatio
of the temperature within the melt (Kl -Ge50.3 W/cm K).

The transients obtained at high fluences in the 80
100 nm thick films show anoscillation-like behavior that
cannot be explained by either of the two solidification s
narios ~interfacial or bulk solidification! discussed above

FIG. 2. Calculation of the reflectivity changes at 633 nm occurring in m
ten Ge films with different thicknesses on Si substrates upon surface
ated solidification. The dashed curves correspond to the case in whic
solidification front reaches the substrate. The solid curves show the bes
in the solidification part of the transients in Fig. 1 obtained by adjusting
maximum depthdsol that the solidification front reaches and the crystalli
fraction of the solidified material, as indicated in the legends. The reflec
ity changes were normalized to the reflectivity of the correspondinga-Ge
film.
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These oscillations are also observed in the 130 nm thick
for the highest fluences shown. Since similar oscillatio
have been observed upon explosive crystallization of am
phous films,20,21 we have performed Raman spectrosco
measurements in the specimens after irradiation to determ
if any crystalline material has formed. It is found that, a
though the 100 and 130 nm thick films contained crystall
material, the 80 nm thick film was amorphous over the wh
fluence range studied. Thus, explosive crystallization ha
be discarded as the responsible mechanism for the osc
tions at least for the 80 nm thick film.

Oscillations below the initial reflectivity level like thos
observed in the 80 and 100 nm thick films can be consis
with the presence of interference effects in a system co
posed of a semitransparent solid layer on top of a reflec
liquid as would be the case upon surface initiated solidifi
tion. A more quantitative analysis of the RTR transients h
thus been done by means of optical simulations to determ
if the experimentally observed transients are consistent w
the simulation of a surface initiated solidification proce
The dashed curves in Fig. 2 show the evolution of the refl
tivity at 633 nm taking place in completely molten Ge film
upon re-amorphization through a surface initiated solidifi
tion process. Although the curves show oscillations sim
to the ones observed experimentally~Fig. 1!, the transient
features are not strictly reproduced. For instance, no sec
maximum or second minimum is observed experimentally
the transients of the 80 and 130 nm thick films, respective
as opposed to what is predicted by the simulations. To
solve this discrepancy, we have extended the simulation
consider that surface initiated solidification is accompan
by a counterpropagating front from the melt/solid interfa
towards the surface.16 Furthermore, the crystalline fractio
was also used as a fit parameter in the case of the 100
130 nm thick films for which Raman measurements revea
the presence of crystalline material upon solidification. T
solid curves in Fig. 2 correspond to the best fits to the tr
sients, taking into account these considerations. For the
nm thick film, the solidification depthdsol at which both
fronts meet is found to be 40 nm and no crystalline fract
was assumed since the film was found to be amorphous
solidification. For the 100 nm thick film,dsol must defini-
tively be larger than 40 nm since a second maximum is
served. A value ofdsol570 nm and a crystalline fraction o
40% provide both the presence of a second maximum
Rmax 2 values similar to the ones observed experimenta
~Fig. 1!. For the 130 nm thick film, a similar value fordsol is
obtained and a crystalline fraction of 50% is suggested
the Rmax 2 values observed experimentally.

The fact thatdsol in the 100 and 130 nm thick films
remains the same suggests that the thickness limit for sur
initiated solidification is reached. In addition, since the sim
lations are capable of reproducing not only the results
tained for the 80 nm thick film, but also those for the 100 a
130 nm thick films, the results indicate that surface initiat
solidification isin all casesthe responsible mechanism whe
oscillations appear rather than explosive crystallization. T
fact that the amplitude of the oscillation minimum (Rmin) is
much less pronounced in the experimental transients tha

-
ti-
he
fits
e

-

icense or copyright; see http://jap.aip.org/about/rights_and_permissions



of
la
r

er
re
re
ity
ud
th
e
er

ca
oc
ce
e
o
o-
c
b

re
c
n
r
e
th

on
e
ci

to

in
to
lity
in
it

ss

the
ed
nm
rea
cm
ith
nd

of

ur-
ms
ve

ion
i-

e

ns
ved
to-
to-
elt

g

hat
e-
gle-
an
ted
-in
idly
nu-
ly
not
en

of

th

y

ate

its

the
o-
m
t

3646 J. Appl. Phys., Vol. 89, No. 7, 1 April 2001 Siegel et al.
the simulations is most likely due to the limited rise time
the detection system that becomes even more severe for
amplitude changes. A similar amplitude discrepancy was
ported earlier when RTR transients with ns resolution w
compared to those obtained with ps resolution using a st
camera.22,23,31 It was reported that ns resolution measu
ments are not capable of following very fast reflectiv
changes and lead to a reduction of the modulation amplit
of the transients. Even when the time resolution used in
present work is limited, it is still sufficient for our purpos
here, i.e., to detect the presence of the minimum and th
fore the occurrence of surface initiated solidification.

The comparison of the RTR transients with the opti
simulations has shown that surface initiated solidification
curs in 80, 100, and 130 nm thick films in a given fluen
interval.33 Nevertheless, a solidification front initiated at th
surface and propagating into the depth is apparently in c
flict with the laws of thermodynamics, since the initial exp
nential temperature profile has its maximum at the surfa
Such a surface initiated process can only be explained
inversion of the temperature gradient in the liquid that
quires thepresence of a heat source underneath the surfa.
Our hypothesis is that the laser pulse induces melting
only over the entire depth of the films but it also melts a ve
thin layer of the Si substrate. Upon solidification, this lay
releases its corresponding latent heat partially towards
still liquid Ge, thus providing the required gradient inversi
for surface initiated solidification. This hypothesis is furth
supported by the results for the 130 nm in which the os
lations are only observed for the largest fluences studied~and
thus the deepest melt depths achieved! whereas for interme-
diate fluences a shoulder~related to recalescence and thus
melting of a thick layer but thinner than the film! is ob-
served.

If a thin layer of the substrate at the film–substrate
terface melts, significant diffusion of atoms is most likely
happen prior to solidification due to the extended solubi
range of Si and Ge together with their high diffusivities
the liquid phase. As an example, the liquid phase diffusiv
of Ge in Si and GexSi12x is of the order of 1024 cm2/s,8

which would lead to a diffusion length ofLd5(4Dt)1/2

'6 nm within only 1 ns. To analyze if this diffusion proce

FIG. 3. Concentration profiles obtained by SIMS in a 130 nm film near
Ge/Si interface both for~a! an as-grown area of the Ge film on Si and~b! for
an area that was exposed to a single laser pulse at 255 mJ/cm2. The hori-
zontal scale gives the actual depth of the specimen as calculated b
sputtering time.
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plays a role in the surface initiated solidification process,
concentration profiles of the resolidified films were studi
by SIMS. Figure 3 shows the profiles obtained in the 130
thick film near the Ge/Si interface both for an as-grown a
and for an area exposed to a single laser pulse at 255 mJ/2.
While the as-grown film shows a very sharp interface w
minimal overlap between the concentration profiles of Si a
Ge, the irradiated film clearly exhibits significant diffusion
Si and Ge~over a depth of'5 nm! at the interface.

IV. DISCUSSION

The results shown above provide evidence for the occ
rence of a surface initiated solidification process in Ge fil
on Si under ps laser pulse irradiation. A few authors ha
already claimed the existence of an additional solidificat
scenario in Si beyond explosive crystallization, bulk solid
fication, and interfacial solidification towards th
substrate.15,16,19Bruineset al.16 irradiated 220 nm thicka-Si
films on c-Si substrates with laser pulses of 7 ns. By mea
of RTR measurements with ns resolution they obser
amorphous regrowth in both directions, from the surface
wards the substrate and from the maximum melt depth
wards the surface. These authors determined the initial m
depth in Cu-dopeda-Si films by Rutherford backscatterin
spectrometry~RBS! by analyzing the impurity redistribution
upon melting and subsequent solidification. They found t
only when the whole film thickness was molten, r
amorphization from the surface was prevented and sin
crystal epitaxial regrowth from the substrate did occur. As
explanation for surface initiated solidification they sugges
that heat extraction at the solid–liquid interface after melt
was so efficient that the temperature of the surface rap
decreased to the solidification temperature and that solid
clei formed at impurities. But, this explanation is not entire
satisfactory because it does not explain why they did
observe surface initiated solidification for completely molt
films despite the fact that heat extraction byc-Si is much
more efficient than that by a system with a buffer layer
nonmoltena-Si.

e

the

FIG. 4. Scenario of surface initiated solidification promoted by substr
melting at high fluences.~a! The solida-Ge film on a Si substrate prior to
irradiation.~b! Upon irradiation with a ps laser pulse the film melts over
entire depth and heat diffusion to the Si substrate occurs.~c! The surface of
the Si substrate is melted and mixing is promoted at the interface with
liquid Ge. ~d! The lower solidification temperature of the mixed layer pr
motes surface initiated solidification that is followed by solidification fro
the mixed layer towards the surface,dsol being the depth at which both mel
fronts meet.
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In our case of Ge films, substrate melting has experim
tally been identified as being related to the occurrence
surface initiated solidification~Fig. 3!. In spite of the large
thermal diffusivity of the substrate, thin Ge films on Si a
likely to melt completely at high fluences. Notice that t
fluences used here are higher than those at which films
glass have been shown to melt completely13 although they
show a lower optical absorption at 583 nm. For a complet
molten film, direct contact with the very hot molten G
causes the Si substrate to be heated substantially and
melted. It is worth noting that melting of the substrate is on
likely to happen because the amorphous Ge film serves a
‘‘absorption layer’’ (1/a523 nm) which transmits the hea
to the Si. Direct irradiation of the bare Si substrate at
same fluence would not necessarily lead to melting due
the much larger optical penetration depth of Si at 583
(1/a51720 nm).

The complete process leading to the surface initiated
lidification scenario consistent with the present results
schematically drawn in Fig. 4. At high fluences, the Ge fi
is melted over its entire depth@Fig. 4~b!# within a time com-
parable to the pulse duration.13,31 Large thermal gradients
within the very hot liquid~melting point5937 °C, boiling
point52830 °C! are initially present and rapidly thermaliz
at the mean time heat diffuses to the Si substrate. The la
causes a thin Si layer to melt~melting point51412 °C!
slightly after the whole film is melted@Fig. 4~b!#. The large
thermal conductivity of liquid Ge (Kl -Ge50.3 W/K cm) en-
ables a continuous supply of heat in order to provide the m
enthalpy of Si. This process leads, after a few hundreds o
to a situation in which both liquids have similar temperatu
and start to mix. As a consequence of this diffusion proc
in the liquid phase at rates higher than 1024 cm2/s,8 a mixed
layer with a solidification temperature varying continuous
between that of the solid Si and Ge is formed@Fig. 4~c!#. The
high concentration gradient involves a large constitutio
undercooling which promotes further lowering of the solid
fication temperature of the mixture to values well belo
those of the single element components34 and thus delays the
solidification process at the substrate–film interface@Fig.
4~d!#. The depressed temperature of the mixed layer and
fast release of its latent heat to the well conducting Si s
strate and liquid Ge inverts the temperature gradient wit
the liquid Ge film and thus facilitates solidification to b
initiated at the surface while the inner part of the film and
mixed interface are still liquid.

When comparing the present results to those of ot
authors using ns laser pulses, it is essential to note tha
pulse duration plays an essential role in the occurrence
surface initiated solidification. Using 7 and 20 ns las
pulses, re-amorphization from the surface16 and explosive
crystallization35 in thesame sample type~200 nm thicka-Si
film on c-Si!, respectively, have been reported. The infl
ence of the pulse duration on the solidification scenario
further confirmed by the fact that the few times surface i
tiated re-amorphization has been reported, the pulse dura
used has always been of few ns~Refs. 15–19! or even less,
as it is in our case~30 ps!. For such short pulses, comple
melting of the film and the substrate can be induced withi
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extremely short time, thus allowing the fast inversion of t
thermal gradient to occur in a time at which the supply
energy to the surface is already finished. Such a scenar
not possible with laser pulses of tens of ns because the
tively long tail of such a pulse supplies continuous energy
the surface at times when the whole film~and eventually a
thin substrate layer! is already melted, thus preventing solid
fication to take place at the surface.

Bruines et al.36 have also studied by means of cros
sectional transmission electron microscopy those sam
that showed surface initiated solidification after irradiatio
They found that the irradiated areas presented a laterally
dom pattern of amorphous material and polycrystall
Si (p-Si) embedded in an amorphous matrix. They co
cluded that amorphous regrowth occurred from both the s
face and the substrate and thatp-Si must have been nucle
ated at thel -Si/a-Si interface during the last stages of th
solidification processes. Our observation of both amorph
tion and crystallization upon surface initiated solidificatio
depending on the film thickness is perfectly consistent w
their observation. Since we have determined the approxim
maximum solidification depthdsol for the 80, 100, and 130
nm thick films by comparing the experimental results in F
1 to the calculated results shown in Fig. 2, we can determ
the approximate velocityvsurf of the surface initiated solidi-
fication front by dividingdsol by the time the transients tak
to recover the initial reflectivity level. This leads to approx
mate values of vsurf(80 nm film)51.4 m/s, vsurf(100 nm
film) 51.7 m/s, andvsurf(130 nm film)51.5 m/s, which sug-
gests that the velocity of the surface initiated solidificati
front can be considered reasonably constant. In spite of
relatively large error of these values due to the limited tim
resolution of our detection system, the value estimated
the 80 nm thick film is in reasonable agreement with t
values measured with a streak camera in Ge films on a g
substrate, in which interfacial amorphization towards the s
face is observed to occur at velocities as low as 1.7 m/31

The result also implies that the solidification velocity alo
cannot be responsible for the fact that the 80 nm thick fi
amorphizes whereas the 100 and 130 nm thick films parti
crystallize. It is, rather, the film thickness and therefore
amount of initially melted material that determine the fin
phase of the material after solidification. For thicker film
and thus larger melt depths, a higher amount of total hea
deposited that can induce partial crystallization of the fi
even after its initial amorphization. This interpretation
consistent with the fact that the decrease of reflectivity to
value corresponding to the crystalline material~5%–10% be-
low the initial reflectivity level of the amorphous film, no
shown in Fig. 1! occurs at a time~.45 ns! at which the
solidification process has already terminated.

A direct comparison of our results to others obtain
also in Ge with a longer pulse duration@full width at half
maximum (FWHM)512 ns, l5193 nm#, and even inthe
same sampleswe study in this work, can be done using Re
32. These authors did not observe surface initiated solid
cation~oscillatory RTR transients! but bulk solidification ac-
companied by recalescence~RTR transients containing a
shoulder!. By means of heat flow calculations and measu
icense or copyright; see http://jap.aip.org/about/rights_and_permissions
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ments of the threshold fluences to observe recalsecenc
fects in all the film thicknesses studied, it was shown t
recalescence~and also bulk solidification! requires a mini-
mum melt depth. Their result is consistent with the fact t
the fluences at which we observe bulk solidification~in the
130 and 180 nm thick films! upon ps laser pulses are consi
erably above the melt threshold which suggests that also
ps pulses a minimum melt depth for the occurrence of b
solidification is required. The fact that for thinner films w
do not observe recalescence through a bulk solidifica
process but interfacial solidification towards the substr
~low fluences! and surface initiated solidification~high flu-
ences! can thus be solely attributed to the use of ps puls
Such short pulses generate a strong thermal gradient w
the partially molten film at low fluences whereas they m
lead to substrate melting at high fluences and therefor
surface initiated solidification. In contrast, the much long
pulses used by Vegaet al.32 prevent this solidification sce
nario due to their long lasting supply of heat to the surfa
and for the same reason they tend to favor processes
recalescence and bulk solidification.

V. CONCLUSION

We have reported a surface initiated solidification p
cess that takes place in amorphous Ge films~80–130 nm! on
Si substrates under ps pulsed laser irradiation in the h
fluence regime. This process leads either to comp
reamorphization~80 nm thick film! or to some degree o
recrystallization~100 and 130 nm thick films!. The occur-
rence of such a process is accompanied by melting of a
layer of the Si substrate and interdiffusion of Ge and Si. T
heat released upon solidification of this mixture toget
with its lower solidification temperature due to constitution
undercooling invert the temperature gradient and prom
solidification at the film surface while the mixed layer at t
film–substrate interface is still liquid. The delayed solidi
cation of the mixed layer produces a delayed solidificat
front propagating towards the surface. A transition from
surface initiated solidification process towards a bulk sol
fication process occurs at a film thickness of 130 nm at
termediate fluences, while for even thicker films~180 nm!
bulk solidification is the dominant process. This suggests
significant melting of the substrate cannot be obtained
thicker films and confirms that a bulk solidification proce
requires the suppression of rapid heat extraction towards
substrate. This reduced heat extraction is achieved in
case by the influence of the nonmolten amorphous Ge la
remaining between the liquid film and the Si substrate wh
acts as a ‘‘thermal insulator.’’ Finally, besides film thicknes
the pulse duration has a major influence on the type of
lidification scenario induced. In particular, it can be co
cluded that only pulses of a few ns or shorter are capabl
triggering a surface initiated solidification process wher
longer pulses favor processes such as recalescence and
solidification.
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