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Laser-induced melting and resolidification of single-crystalline indium phosphide(InP) upon
irradiation with 150 fs laser pulses at 800 nm has been investigated by means of
real-time-reflectivity measurements with subnanosecond time resolution. Melting of the surface is
observed to occur very rapidly on a time scale shorter than our experimental resolution while the
lifetime of the liquid phase is several tens of nanoseconds. As a result of the subsequent rapid
solidification process, a thin layer of amorphous material with a thickness of several tens of
nanometers is formed on the surface. The formation of this amorphous layer has been observed for
every fluence above the melting and below the ablation threshold. The evolution of the reflectivity
has been modeled for several different solidification scenarios and compared to the experimental
results. This comparison shows that solidification proceeds interfacially from the solid interface
towards the surface. A lower limit for the critical solid-liquid interface velocity for amorphization in
this compound semiconductor has been estimated to be in the range of 1–4 m/s. ©2004 American
Institute of Physics. [DOI: 10.1063/1.1771822]

I. INTRODUCTION

Amorphization phenomena upon irradiation of semicon-
ductors with ultrashort laser pulses irradiation were first re-
ported in a series of papers by Bloembergen and co-workers1

in which visible and ultraviolet picosecond laser pulses were
used to irradiate single-crystalline silicon samples. Generally,
such a transition between the crystalline and the amorphous
phase following laser irradiation is related to a threshold be-
havior in the solidification velocity. If solidification proceeds
with liquid-solid interface velocities higher than a critical
value, irradiation leads to the amorphization of the processed
material.2,3 Obviously, the actual solidification speed is
strongly affected by the local temperature gradient and the
transient cooling conditions after melting which are deter-
mined by the optical and thermal properties of the material
phases involved and by the laser parameters(pulse duration,
wavelength, spatial beam profile, etc.).

Since the pioneering work by Bloembergen and co-
workers, the dynamics of femtosecond laser-induced phase
transitions has been intensively studied in semiconductors
such as silicon4,5 and the III-V compounds gallium
arsenide5,6 (GaAs) and indium antimonide7 (InSb). In gen-
eral, most of these femtosecond time resolved studies have
been concentrated on the initial stages of the transformation,
i.e., melting, whereas resolidification in the nanosecond time
scale has been studied less intensively, in spite of the large
number of works devoted to rapid solidification phenomena
carried out in the 1980s in semiconductors under nanosecond
laser pulses.8–10

Indium phosphide(InP) is a III-V compound semicon-
ductor extensively used in optoelectronic applications.11 In
this material the dynamics of pulsed-laser-induced melting

has been studied for irradiation pulses in the nanosecond
regime12,13 and more recently by femtosecond pump-probe
measurements.14 This latter study as well as two previous
ones, that used micro-Raman spectroscopy and atomic force
microscopy to investigate the material structure after femto-
second irradiation,15,16 have reported the formation of a thin
amorphous surface layer upon melting and rapid solidifica-
tion of the material. In this work we report a study of the
structural transformation dynamics of single-crystalline InP
under femtosecond laser pulses using real-time optical mea-
surements with subnanosecond time resolution, covering a
time window up to 500 ns. This study has provided a de-
tailed insight into melting and rapid solidification phenom-
ena in this material. Special attention has been paid to the
determination of the solidification scenario which finally
leads to the formation of the amorphous surface layer. The
study has allowed us both to establish a correlation between
the irradiation conditions and the characteristics of the amor-
phous layer formed on the surface as well as to estimate the
critical liquid-solid interface speed for amorphization of
single-crystalline InP.

II. EXPERIMENTAL DETAILS

The samples used were 400mm thick, polished(100)
InP wafers (American Xtal Technology, Fremont, USA,
n-doped). A chirped pulse amplification Ti:sapphire laser
system(Spectra Physics, Spitfire), providing linearly polar-
ized pulses of,130 fs duration at a wavelength of 800 nm,
was used for irradiation. The duration of the laser pulses was
measured using a single-shot autocorrelator(Spectra Physics,
SSA) by fitting the pulses to a temporal Gaussian profile. At
the irradiation wavelength(photon energy,1.55 eV), in the
linear absorption regime, the fundamental absorption mecha-
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nism in crystalline InP(band gap 1.35 eV) is a direct inter-
band transition. The resulting optical penetration depth 1/a
is <300 nm.

In the irradiation setup, the sample was placed at normal
incidence in the focal plane of a lens with 150 mm focal
length, resulting in an almost circular laser spot on the sur-
face. The spatial profile of the irradiation beam at the sample
corresponds very approximately to a Gaussian distribution
with a diameters1/e2d of ,120 mm. An xyz-translation

stage allowed a precise positioning of the wafer after each
single pulse irradiation. All irradiations were performed in
air.

The temporal evolution of the surface reflectivity upon
irradiation has been monitored using a single mode
s-polarized Ar+ laser operating at 514.5 nm. This probe
beam was focused at the center of the femtosecond laser
irradiated region to a spot diameters1/e2d of ,30 mm, at an
angle of incidence of 18°. The probe beam light reflected at

FIG. 1. Normalized surface reflectivity as a function of time as measured with streak camera(a)–(c) and with a photodiode(d)–(f) for three different pump
fluence levels[sad+sdd, f0,1.063fm; sbd+sed, f0,1.143fm; scd+sfd, f0,1.463fm]. The melt durationtmelt, maximum reflectivity changesDR/Rdmax,
and final reflectivity changesDR/Rdfinal associated with the reflectivity transients are schematically indicated in(b). The insets in(d)–(f) show optical
micrographs(scale 1603160 mm2, reflectivity mode) of the laser irradiated spots, corresponding to the reflectivity curves obtained at each fluence level.
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the surface was spectrally separated from the scattered
800 nm radiation by means of a prism pair before simulta-
neous recording of its intensity evolution by means of a
streak camera(Hamamatsu Model C5680, equipped with a
single sweep unit Model M5676; time resolution of 350 ps in
a time window of 50 ns) and by a photodiode/oscilloscope
detection system(a few nanoseconds temporal resolution in
a time window of 500 ns). Further details regarding this real-
time reflectivity (RTR) setup can be found elsewhere.17

III. RESULTS AND DISCUSSION

Figure 1 shows the temporal evolution of the normalized
surface reflectivity of the sample as measured on comple-
mentary timescales with the streak camera[(a)–(c)] and with
the photodiode-based detection system[(d)–(f)] upon irradia-
tion at three different pump peak fluencesf0. In these
curves, the reflectivity changes have been normalized to the
reflectivity value of the single-crystalline material
fRCs514.5 nmd=0.36g such thatDR/R denotes the value of
hRstd−RCj /RC, whereRstd corresponds to the measured re-
flectivity at a given timet. Each of the selected fluences is
greater than the threshold fluence for meltingfm but below

that for ablation,fabl=1.513fm. The measured melting and
ablation thresholds are consistent within the experimental er-
ror with those given in Ref. 15(fm=0.16 J/cm2 and fabl

=0.23 J/cm2, respectively). The figure also shows as insets
optical micrographs in reflection mode of the regions irradi-
ated at different fluences.

At a fluencef0,1.063fm, slightly above the melting
threshold[Fig. 1(a)], the reflectivity rapidly increases to a
maximum value ofsDR/Rdmax,0.48, which is indicative of
the formation of a thin molten layer at the surface. Even in
the streak camera measurements, the initial rapid reflectivity
increase cannot be completely temporally resolved. It has
been shown by femtosecond pump-probe measurement that
thermal melting ofc-InP under very similar excitation con-
ditions occurs within 1–2 ps with a melt front that can
propagate into the material at a speed close to the speed of
sound.14 After the maximum, the reflectivity decreases again
to a final level ofsDR/Rdfinal,0.12 after,15 ns[Figs. 1(a)

FIG. 2. Melt durationtmelt (a), maximum reflectivity changesDR/Rdmax (b),
and final reflectivity changesDR/Rdfinal (c) as function of the fluencef0,
normalized to the melting threshold fluencefm. The full symbols refer to
streak camera measurements, the open symbols to photodiode measure-
ments. The thresholds of melting and ablation are indicated by vertical
dashed lines. The data points corresponding to the curves displayed in Fig. 1
are marked by symbols T1–T3.

FIG. 3. Normalized surface reflectivity obtained by thin film optical simu-
lations for (a) a molten film (liquid layer thicknessdl) on a crystalline
substratesc-InPd and(b) an amorphous film(a-InP, amorphous layer thick-
nessda) on a crystalline substratesc-InPd. Since appropriate optical con-
stants are not available forl-InP, they have been approximated by those of
l-GaAs(Ref. 6). In (b), the dashed curve has been obtained with the optical
constantsfsn+ ikdsa-InPd=s3.9+i1.2dg taken from Ref. 23, whereas the solid
curve has been obtained using an increased extinction coefficientfsn+ ikd
3sa-InPd=s3.9+i1.7dg in order to obtain optimum agreement with the ex-
perimental data shown in Fig. 2(c). The experimentally accessible amor-
phous thickness layer range, limited by ablation, is shaded in(b). The opti-
cal constants ofc-InP are taken from Ref. 22.
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and 1(d)]. This value is consistent with the appearance of a
bright spot in the optical micrograph of the laser irradiated
region as shown in the inset of Fig. 1(d). The observed op-
tical contrast is the result of the formation of a thin amor-
phous layer on the surface, in agreement with previous re-
sults obtained using micro-Raman spectroscopy15 and also
with similar observations for femtosecond laser pulse irradia-
tion of silicon.18 Since the whole melting and resolidification
process occurs very rapidly, the values ofsDR/Rdmax mea-
sured by the nanosecond resolution photodiode are some-
what smaller than those measured with the streak camera
[compare Figs. 1(a) and 1(d)].

At a somewhat higher fluence off0,1.143fm [Fig.
1(b)], the reflectivity rises to a reflectivity plateau with a
saturated level ofsDR/Rdmax,0.60 which is indicative of
the formation of a molten layer with a thickness greater than
the optical penetration depth of the probing 514.5 nm radia-
tion. This molten layer resolidifies within,22 ns leading to
a final reflectivity change ofsDR/Rdfinal,0.34 [Fig. 1(e)].
The corresponding optical micrograph(see inset) likewise
shows a spot with increased brightness in the center.

Further increasing of the fluence to a value just below
the ablation threshold,f0,1.463fm [Fig. 1(c)], leads to
the formation of a reflectivity plateau reaching the same satu-
rated level ofsDR/Rdmax,0.60 but lasting for a longer time.
The total time required for complete resolidification is now
,50 ns. However, in this case, the final reflectivity level
sDR/Rdfinal,0.19 measured after,400 ns [Fig. 1(f)] is
smaller than in the previous case. A reflectivity minimum in
the center of the amorphous spot is now observed in the
corresponding optical micrograph[Fig. 1(f), inset].

The reflectivity transients obtained here upon near-
infrared femtosecond pulse irradiation are significantly dif-
ferent from those observed in Refs. 12 and 13 upon nanosec-
ond pulse irradiation in the visible spectral range. In both
nanosecond studies, two fluence-dependent reflectivity
maxima were observed, in contrast to the smooth reflectivity
plateau reported here. Aver’yanovaet al.12 attributed the
double maxima to changes of the optical properties caused
by superheating of the crystal and subsequent melting,
whereas Kashkarovet al.13 ascribed them to simultaneous
melting and evaporation of the material. Whatever the pre-
cise mechanism upon nanosecond irradiation is, the absence
of such double maxima under femtosecond irradiation(in the
subnanosecond resolution transients of Fig. 1 and also in
femtosecond pump-probe measurements14) shows that the ef-
fects stated above can be discounted in this case. The differ-
ent behavior may be related to the fact that a nanosecond
pulse deposits energy in both the solid and liquid phases of
the material(since thermal melting occurs in a time shorter
than the pulse duration) whereas a femtosecond pulse inter-
acts only with the solid phase. However, more detailed in-
vestigation of nanosecond irradiation at fluences just above
the melting threshold would be needed to clarify this issue.

Figure 2 shows the fluence dependence of several char-
acteristic parameters that can be obtained from the time evo-
lution of the reflectivity. They have been indicated in Fig.
1(b) and are themelt duration[tmelt, Fig. 2(a)], themaximum
reflectivity change[sDR/Rdmax Fig. 2(b)], and thefinal reflec-

tivity change [sDR/Rdfinal, Fig. 2(c)] corresponding to the
transients measured at different fluences. In the case of
sDR/Rdfinal we have included the reflectivity values mea-
sured at the end of the measurement time window of the
streak camera(t<38 ns, full symbols) and of the photodiode
(t<400 ns, open symbols).

The melt durationstmeltd [Fig. 2(a)] shows a linear de-
pendence with fluence leading to values of around 50 ns for
fluences close to the ablation threshold. The observed values
(tens of nanoseconds) are not that different from those ob-
served for nanosecond laser pulse irradiation ofc-InP at
probing wavelengths in the visible13 and infrared12 spectral
regions. The linear dependence of the melt duration on the
fluence is in good agreement with the 1D-thermal heat trans-
port models summarized in Ref. 19 where, for large area
irradiation with strong surface absorption(beam diameter
@energy deposition depth), at fluences slightly abovefm,
the melt duration scales linearly with the fluence.

The evolution ofsDR/Rdmax steeply increases for flu-
ences just above the melting threshold[Fig. 2(b)]. For values
exceeding the threshold by only,10%, a fluence indepen-
dent maximum reflectivity change ofsDR/Rdmax,0.60 can
be observed which, as mentioned above, is consistent with
the formation of an optically thick molten layer at the sur-
face. For peak fluences exceeding,1.513fm the maximum
reflectivity change shows a decrease associated with the oc-
currence of ablation at the surface. This was confirmed by
optical microscopy observations that evidenced the forma-
tion of shallow craters at the center of the irradiated regions
in this fluence range.

The final surface reflectivity changesDR/Rdfinal [Fig.
2(c)] shows a behavior quite similar to that of the maximum
transient reflectivity. For fluences slightly above the melting
threshold sDR/Rdfinal increases to a maximum value of
,0.34. For higher fluences, it decreases smoothly to reach a
nearly constant value around,0.25 which is observed for
fluences up to the ablation threshold. If the fluence is further
increased,sDR/Rdfinal shows a strong decrease associated to
the formation of a crater at the surface.

In order to understand quantitatively the time and flu-
ence dependence of the measured reflectivity changes, they
have been modeled using a multilayer scheme.20,21 The evo-
lution of the reflectivity upon melting has been simulated by
a model consisting of a layer of molten material with varying
thicknessdl on top of a crystalline(c-InP) substrate, as
shown in the scheme of Fig. 3(a). Since the complex refrac-
tive index sn+ ikd of liquid InP (l−InP) is not known, we
have used, as a reasonable approach, the values correspond-
ing to liquid GaAs since these materials have very similar
band structures in the solid phase. The values used for the
simulation are thussn+ ikdsl −GaAsd=s1.5+i2.7d (Ref. 6)
and sn+ ikdsc−InPd=s3.7+i0.5d (Ref. 22) at the probing
wavelength of 514.5 nm. The simulation[Fig. 3(a)], which
takes into consideration the fully coherent superposition of
the Fresnel reflections at all interfaces, shows a maximum
value for DR/R of 0.67, corresponding to a molten film
thickness of,40 nm. This maximum corresponds to a con-
structive interference effect during the propagation of the
melt front into the solid material. For melt depths larger than
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approximately 100 nm, the reflectivity change saturates
when the molten layer becomes optically thick, showing a
value of DR/R,0.60. This saturation value is in excellent
agreement with the experimental data shown in Fig. 2(b). We
conclude that at this wavelength the reflectivities of bulk
l-GaAs andl-InP coincide indicating that the optical con-
stants of both liquids should be very similar at 514.5 nm.

The comparison of the optical simulation shown in Fig.
3(a) with the experimental results of the maximum reflectiv-
ity changesDR/Rdmax shown in Fig. 2(b) also allows an es-
timate to be made of the thickness of the molten surface
layer even for higher fluences close to the ablation threshold.
Assuming a linear absorption of the femtosecond radiation
according to the Lambert-Beer law and neglecting energy
dissipation during the pulse, a scaling law of the molten
thicknessdlsf0d=d3 lnsf0/fmd, with a proportionality con-
stantd can be obtained. A value ofd=1.05mm is then de-
termined from the condition that the liquid layer becomes
optically thick at a fluence,10% above the melting thresh-
old fd1sf0=1.13fmd=100 nmg. Therefore, a melt thickness
of ,425 nm is estimated for fluences reaching the ablation
threshold. This result agrees well with the value of 430 nm
obtained from an independent estimation based on an energy
balance analysis by assuming that the laser pulse energy at
that fluence level is used solely for heating the solid to the
melting temperature and providing the latent heat of melting.

The final reflectivity changes induced upon irradiation
have been simulated by using a model consisting of a layer
of a-InP with varying thicknessda on top of a crystalline
sc-InPd substrate as indicated in the scheme of Fig. 3(b). We
have used the optical constants ofa-InP reported by Stuke
and Zimmererfsn+ ikdsa-InPd=s3.9+i1.2dg (Ref. 23) and
those of c-InP indicated above. The simulation shows a
damped oscillatory behavior leading to a nearly constant re-
flectivity level of DR/R,0.12 for an amorphous layer thick-
nessda.150 nm[dashed curve in Fig. 3(b)]. This level cor-
responds to that of bulk amorphous indium phosphide at
514.5 nm. The reflectivity oscillations arise from interfer-
ence effects of the beams being partially reflected at the
air/a-InP and thea-InP/c-InP interfaces. The initial maxi-
mum value,DR/R,0.25, reached for an amorphous layer
thickness of,25 nm, is nevertheless smaller than the experi-
mentally observed maximum ofsDR/Rdfinal in Fig. 2(c)
(,0.35 forf0,1.153fm). This difference is not surprising
since for amorphous semiconductors, it is also well known
that optical properties strongly depend on the preparation
method used.22 In order to explain this difference more quan-
titatively we have performed additional simulations in which
the optical constants of the amorphous overlayer and the
underlying crystalline material were modified. They showed
that an increased absorption(extinction coefficient) in re-
crystallized InP cannot be responsible for the experimentally
observed final surface reflectivity value. The best fit of the
experimental data was obtained for an amorphous layer with
a refractive indexn of 3.9, equal to the one reported in Ref.
23, and an increased value for the extinction coefficient of
k=1.7. It is reasonable to assume that due to strong differ-
ences in the heating and cooling rates, the femtosecond laser-
induced amorphous material can be more defective than the

evaporation based material used in the study of Stuke and
Zimmerer,23 leading to the observed absorption increase.

The corresponding simulation withsn+ ikdsa-InPd=s3.9
+ i1.7d is shown in Fig. 3(b) with a solid line. Comparing this
curve with the reflectivity values of Fig. 2(c) as a function of
fluence, it is seen that both the maximum ofsDR/Rdfinal

,0.35 and the reduced values of,0.19 for fluences slightly
below the ablation threshold are well reproduced. It is then
clear that the decrease of the final reflectivity value observed
in Fig. 2(c) for fluencesf0.1.153fm arises from the con-
structive interference effects being diminished when the
thickness of the amorphous layer is larger than 25 nm. Ad-
ditionally, since the positions of the reflectivity maxima and
minima in the simulations are not affected by the magnitude
of the extinction coefficientk, Figs. 2(c) and 3(b) can be used
to determine thickness of the amorphous layer induced upon
irradiation. The corresponding result is shown in Fig. 4. For
low fluences above the melting threshold, the thickness of
the induced amorphous layer increases linearly with fluence.
For larger fluences, the maximum thickness of amorphous
material that can be produced starts to saturate(as the melt
depth saturates) and is limited to,50 nm by the onset of
ablation. This limit has been indicated in Fig. 3(b), where
only the shaded region is experimentally accessible. This
conclusion is additionally supported by the observation that
optical micrographs of spots irradiated with a fluence slightly
below the ablation threshold show only a single ring of in-
creased reflectivity with a smooth decrease towards the cen-
ter [see the inset of Fig. 1(f)]. Thicknesses of the amorphous
top layer larger than 50 nm would imply additional reflectiv-
ity oscillations in the radial reflectivity profile which were
not observed.

The formation of an amorphous top layer is similar to
that observed upon nanosecond irradiation of single-
crystalline InP even if, as discussed earlier, the transient re-
flectivity shows different characteristics under nanosecond
and femtosecond irradiation. In spatially and depth resolved
photoluminescence measurements, Alferovet al.24 observed
amorphous film thicknesses between 15 and 80 nm after ir-
radiation of(111) InP by single 50 ns laser pulses at a wave-
length of 694 nm. This indicates that, in both cases, the

FIG. 4. Thickness of the laser-induced amorphous surface layer as a func-
tion of the fluence obtained from the streak camera(full symbols) and the
photodiode(open symbols) measurements. The estimated values have been
deduced by comparison of the measured final reflectivity values[Fig. 2(c)]
with the simulated values[Fig. 3(b), solid curve].
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amorphization occurs from a melt pool after the laser pulse is
terminated and is therefore rather insensitive to the exciting
laser pulse duration.

In the previous discussion we have used optical simula-
tions in order to analyze the reflectivity evolution upon melt-
ing and to correlate the final reflectivity changes measured
with the characteristics of the amorphous layer formed at the
surface. The use of optical models also allows the solidifica-
tion scenario leading to the formation of the amorphous
phase to be analyzed in detail. Although amorphization is
generally induced upon laser irradiation through an interfa-
cial process initiated at the solid interface, both bulk
solidification25,26 and surface initiated solidification10,27 have
also been reported as solidification mechanisms leading to
the formation of amorphous overlayers. Therefore, in order
to elucidate the solidification mechanism operating in the InP
samples, we have modeled for a fluence of,1.153fm [this
is the lowest fluence that induces an optically thick molten
layer as shown in Fig. 2(b)], the expected evolution of the
reflectivity upon solidification of a melt layer of 100 nm
thickness. At this fluence level, the subsequent thickness of
the amorphous layer is estimated to be 25 nm, as shown in
Fig. 4, and so this layer is formed on top of a recrystallized
layer of 75 nm thickness. The three different resolidification
scenarios, indicated in Fig. 5, are(a) interfacial solidification
initiated at the air interface,(b) interfacial solidification ini-
tiated at the solid interface, and(c) bulk solidification in the
form of the simultaneous nucleation of spherical crystallites

and amorphous regions throughout the molten volume. The
dashed curve represents the interfacial melt-in curve as al-
ready discussed in Fig. 3(a), whereas the solid curves repre-
sent the results of the resolidification simulations. Their dif-
ferent reflectivity signaturescan be used to identify the
actual resolidification mechanism.

In the simulations, the interfacial solidification from the
air interface leads to the appearance of a buried molten layer
with decreasing thickness that solidifies into crystalline ma-
terial for depths beyond 25 nm[Fig. 5(a), right scheme].
Interference from the light reflected at the air/a-InP, the
a-InP/l-InP, and thel-InP/c-InP interfaces results in a set of
characteristic reflectivity oscillations in the solidification
curve (solid line) with reflectivity changes showing a mini-
mum value ofDR/R,−0.3. Since these large reflectivity
oscillations have not been observed experimentally, this sce-
nario can be excluded.

The interfacial solidification from the solid interface
shows a different behavior[Fig. 5(b)]. Since the liquid ini-
tially resolidifies in a single-crystalline or polycrystalline
state, which is here assumed to have the same optical prop-
erties as the single-crystalline material, the solidification
curve (solid line) shows the same behavior as the melt-in
curve (dashed line) until the 25 nm thick amorphous top
layer is formed at the end of the process. Its formation leads
to a reflectivity increase of,0.35 with respect to the level of
the nonirradiated material[in agreement with the solid curve
shown in Fig. 3(b)].

In the bulk solidification scenario[Fig. 5(c)] it is as-
sumed that spherical particles of amorphous and crystalline
material are simultaneously formed in the entire liquid vol-
ume. The corresponding reflectivity evolution has been mod-
eled by means of the Woolam V.A.S.E spectral ellipsometer
software (WVASE32 Version 3.445) employing the effective
medium theory of Brüggemann28 in a two-layer approach
with varying liquid content. Upon solidification, the reflec-
tivity initially drops significantly as a consequence of the
simultaneous formation of the amorphous and crystalline nu-
clei, giving rise to the appearance of a reflectivity minimum
with a value ofDR/R,0.25 at a liquid content of,40%.
We have not observed such a minimum in the experimental
evolution of reflectivity upon solidification but we cannot
discard its presence due to the low noise-to-signal ratio in the
measurements performed with the streak camera.

However, a clear argument for discarding the presence
of a bulk solidification mechanism is given by the linear
dependence of the melt duration with the laser fluence ob-
served in Fig. 2(a). Bulk solidification is described as a pro-
cess in which the solid phase nucleates at enormous rates
throughout the whole volume of a strongly supercooled liq-
uid at homogeneous temperature.25,29 Subsequently, a large
amount of latent heat is rapidly released upon solidification
giving rise to a strong decrease of the initial supercooling
(recalescence effect) and thus to a retardation of the resolidi-
fication process. As a consequence, the evolution of the melt
duration as a function of fluence is observed to show a clear
discontinuity at the bulk solidification threshold.26,30 Given
the absence of observable recalescence effects upon resolidi-
fication in our experimental results, we can conclude that

FIG. 5. Simulations of the normalized surface reflectivity for three different
resolidification scenarios: after the melting of the surface(dashed curve) a
100 nm thick molten layer resolidifies(solid curve) into a 25 nm thick
amorphous layer on top of a 75 nm thick recrystallized film via(a) interfa-
cial resolidification from the air interface,(b) interfacial solidification from
the solid interface, or(c) bulk solidification. In the corresponding schemes
on the right-hand side,l-InP is indicated in black,a-InP in gray, whereas
crystalline regions are shaded.
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solidification proceeds interfacially from the solid interface
over the entire fluence range from melting to ablation.

Furthermore, since bulk solidification has been mainly
observed for semiconductor films on substrates with a lower
thermal conductivity than the liquid semiconductor layer
leading to a heat confinement and equilibration in the melt,
this interfacial solidification scenario is additionally sup-
ported by the values of the thermal conductivity of molten
InP f20–30 W/sm Kdg (Ref. 31) which is significantly
smaller than that of the crystalline materialf70 W/sm Kdg.32

Consequently, the underlying crystalline material exhibits a
more efficient heat flow out of the irradiated region, which
prevents homogenization of the temperature in the liquid.

It is seen in Fig. 3(a) that the normalized reflectivity
starts to decrease rapidly below the bulk liquid reflectivity
level at a thickness of,40 nm. Accordingly, we can use the
transients in Fig. 1 to estimate the time taken by the solidi-
fication front to travel a distance equivalent to this liquid
layer thickness. This time corresponds to the time elapsed
between the end of the reflectivity plateau and the time at
which the reflectivity reaches the amorphous solid value and
ranges from 10 to approximately 30 ns, depending on the
fluence. Hence, mean interfacial front speeds between 1.3
and 4 m/s are estimated, which represent a lower limit for
the critical solid-liquid interface speed for amorphization
since the interface speed is clearly not constant as most of
the liquid material resolidifies in the crystalline phase and
only a small part of it(the thinner upper layer) amorphizes.
That is, as the liquid/solid interface propagates towards the
surface, the continually higher degree of supercooling(due
to heat flow and kinetic limitations33) in the remaining melt
progressively increases the interfacial velocity until recrys-
tallization is impeded and amorphization then occurs. The
estimated critical interface velocity for InP is considerably
smaller than that of single-crystalline silicon, where values
between 12 and 25 m/s, depending on the crystal orienta-
tion, have been reported.2,34 This can be explained by the
notion that crystalline reordering of a compound material is a
more complex phenomenon than that of an elementary semi-
conductor. As a matter of fact, our value is in good agree-
ment with that found for InSb, another indium containing
III-V compound, for which 4–5 m/s has been reported as
the maximum crystallization interfacial speed after nanosec-
ond laser pulse irradiation.3

IV. CONCLUSIONS

Femtosecond laser-induced melting and solidification of
single-crystalline InP has been investigated by means of real-
time-resolved reflectivity measurements with subnanosecond
time resolution. In the small fluence range between the melt-
ing and ablation thresholds, resolidification occurs interfa-
cially from the solid interface giving rise to the formation of
an amorphous top layer that can reach a thickness of several
tens of nanometers and whose thickness is limited by the
onset of ablation. The critical interface velocity for amor-
phization of InP has been estimated to be in the range of
1–4 m/s.
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