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Thermal- and nonthermal melting in gallium arsenide after femtosecond laser excitation has been investi-
gated by means of time resolved microscopy. Electronic melting within a few hundred femtoseconds is
observed for rather strong excitation and the data reveal a distinct threshold fluence of 150 fodAtis
nonthermal process. Below that threshold melting occurs on a 100 ps time scale and is of thermal nature. Using
a simple numerical model we describe this type of the phase transition as heterogeneous melting under strongly
overheated condition§S0163-182688)51142-3

Femtosecond laser induced phase transitions in covalentgmphasizing the fluence dependence of the phase transfor-
bonded semiconductors have been extensively studied duringation. Our data provide clear evidence of competition be-
the past decade. Time resolved optical experiments otween classical thermal and ultrafast electronic melting, re-
silicon!™® gallium arsenidé;® indium antimonid€, and  vealing a distinct threshold fluence for the latter process.
carboff clearly demonstrate the existence of a nonthermal, Melting of gallium arsenide is experimentally indicated
ultrafast melting process upon irradiation with subpicosechby a large increase of the reflectivity due to the transition
ond pulses. As first proposed by van Vecfit¢m explain  from the semiconducting solid to the metallic liquid phase.
nanosecond laser annealing of semiconductors, ultrafadtherefore most of the reported experimental work relies on
melting originates from a destabilization of the lattice in thereflectivity measurements using traditional pump-probe tech-
presence of a very denseh plasma. Theoretical studi®s'?  niques. Such experiments provide a space integrated infor-
further clarified the nature of the process and set a lowemation over an inhomogeneously excited area which may
limit of approximately 167 carriers/cr for the induced lat- mask details of the reflectivity evolution of the surface. Us-
tice instability. Such a high carrier concentration can only beéng time resolved microscopy we obtain the necessary
attained by sub-ps laser excitation. At lower carrier densitiesspace resolution, thus avoiding spatial averaging effects and
however, thermal effects are also important. In particular, iproviding a richer body of information on the tinand the
has been showfthat for relatively weak femtosecond exci- fluence dependence of the melting process. In particular the
tation just above the melting threshold the solid-liquid phaseGaussian intensity distribution of the focused pump pulse
transition is a slow, thermal process occurring by nucleationesults in a continuous variation of the excitation conditions
and growth. across the sample surface. Therefore, a single snapshot pic-

In this communication we present a time resolved studyture of the illuminated area contains information over an
of femtosecond laser induced melting in gallium arsenidegxtended range of fluences.
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FIG. 2. Vertical cross sections of the snapshot pictures shown in
Fig. 1: Reflectivity as a function of the distance to center of the

excited spot(fluence dependengeThe bottom(thin) solid curve
represents the spatial intensity distribution of the focused pump

beam.

FIG. 1. Pictures of 4100-GaAs surface at different times after yariation with fluence. An increase in reflectivity is observed
exposure to the pump pulgpump fluence 210 mJ/chn for the higher fluencegcenter of spdtand a decrease for
lower fluencegperiphery of the spgt During the following
Optically polished wafers of single crystalline gallium ar- few hundred femtoseconds the shape of the reflectivity pro-
senide(100) were irradiated with 100 fs light pulses at 620 files changes substantially. In approximately one picosecond
nm provided by a 10 Hz-amplified colliding-pulse, passivelythe initial smooth variation of reflectivity develops into a
mode-locked dye-lasdgrhodamine 6G/DODQI Combining fluence independent, flat-top profil&k€ 0.6) with a rela-
standard pump-probe techniques and optical microscopy thively steep drop approximately 4&m from the center of the
reflectivity of the surface was monitored with both 100 fs spot (corresponding to a fluence of 150 mJ®mThe pro-
temporal and micrometer spatial resolution. A strong pumgiles measured for 10, 100, and 500 ps show the behavior at
pulse(p-pol., angle of incidence 45°) excited the sample andater time delays. Apparently the size of the initially formed
a time delayed probe puls@-pol., normal incidengere-  high reflectivity area doesot increase during the following
placed standard illumination in an optical microscope. Thel0—20 ps, as can be seen particularly welhat=10 ps. For
optical micrographs were recorded with a charged couplefluences slightly below 150 mJ/énit takes instead nearly
device detector and a computer controlled video digitizer. INLOO ps for the reflectivity to rise to a level comparable to that
order to provide a fresh surface for each pump pulse, thebserved at higher fluences after only a few hundred femto-
wafers were moved between two consecutive exposures. seconds. In the center of the spot the reflectivity decreases on
A typical sequence of micrographs, covering a period ofa 10—100 ps time scalé,eventually returning to the maxi-
500 ps following the initial deposition of laser energy, can bemum value of R=0.6 in approximately one nanosecond
appreciated in Fig. 1. The maximum fluence in the center ofdata not shown heye
the spot is 210 mJ/ctn Due to the large angle of 45° be-  The smooth reflectivity profile observed at very early de-
tween the pump and the probe beam, the actual delay déay times can be readily explained by the optical properties
pends on the spatial coordinate along the horizontal axis off the initially excited electron-hole plasma. For lower flu-
the imageq100 fs/42um), but the delay is constant in the ences the electron-hole density stays below the critical
vertical direction(zero delay in Fig. 1 is referred to the cen- density® causing a decrease in reflectivity. For higher flu-
ter of the spot In the center of the spot, corresponding to ences the plasma density exceeds the critical density giving
maximum fluence, the reflectivity rises within a few hundredrise to an increased reflectivity.
femtosecondsndicating the above mentioned ultrafaséc- The observation of a flat-top reflectivity profile faxt
tronic melting process. By contrast, in the low fluence re->1 ps, instead, cannot be related to the excited electron-hole
gions at the periphery of the excited area the increase dgflasma. Sucliluence independeimicrease of the reflectivity
reflectivity takes a few hundregicosecondsto develop. towards a value close to that expected for liquid gallium
Such time scale, significantly longer than the time needed foarsenid&® indicates the formation of liquid material over
energy relaxation® evidences the thermal nature of the pro-a layer which is thicker than the penetration depth of
cess. the probe pulse radiation~(20—30 nm). Moreover, the
To quantitatively follow the evolution of the reflectivity sharp boundary of this area reveals the existence of a dis-
we have plotted in Fig. 2 vertical cross sections of the picinct threshold (150 mJ/cfp for the occurrence of ultrafast
tures shown in Fig. 1. Due to the Gaussian intensity profilemelting. In the frame of the theoretical models mentioned
of the focused pump beatfthin solid curve in Fig. 2differ-  in the introductioh’ 12 nonthermal melting is due to insta-
ent spatial locations on the sample represent the behavior d@ility of the crystal lattice in the presence of a dense
the reflectivity for different pump fluences. At very early electron-hole plasma. If the plasma density exceeds a critical
delay times(300 fg the reflectivity exhibits a continuous value (=10?2 cm 3, 10% of the whole valence population
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the transformation to the disordered liquid state is possible 25 @ 600
within a few vibrational periods. This process occhmmo- =
geneouslywherever the stability limit is exceeded. The ex- 20 z
cited volume is given by the absorption depth of the pump in 'E' 3
the solid, which in our case corresponds to approximately g 151 f’
250 nm. Therefore the stability limit can be reached simul- g >
taneously over a depth of several tens of nanometers, much = 10+ 2-
larger than the skin depth of the probe in tlogiid. Note that = )
the precise determination of the threshold for nonthermal 5T >
melting emphasizes the advantages of our space-resolved )
measurement technique. In a normal pump-probe setup this 200 0 200 400 600 800 1000
threshold would have been masked by space-averaging ef- Time [ps]
fects due to the finite size of the probe beam. 2500

Outside the nonthermally molten area the dynamics of the
phase transformation is substantially different. The evolution g
of reflectivity for lower fluences is characterized by a fast '@ 2000
rise during the first 5-10 ps~(1/3 of the total reflectivity 2
rise), and a much slower, continuous increase to the final &
value of the liquid, which needs hundreds of picoseconds. § 1so00
This behavior is comparable to that observed in picosecond "
laser melting experimentd.In the picosecond case the phase
transformation proceeds under strongly overheated con- 1000 : . '
ditions?! i.e., the temperature of the solid exceeds the equi- 0 50 100 150 200

librium melting temperature. Melting occurs byeteroge- z [nm]

neousnucleation of the liquid phase, which starts at the  FiG. 3. Results of model calculations for an initial maximum
sample surfac& The rise in reflectivity is interpreted in  surface temperature of 2.400 °Ka) melt depth and melt-front ve-
terms of the progressively increasing thickness of the metakocity as a function of time(b) temperature distributions perpen-
lic liquid layer in front of the semiconducting solid substrate. dicular to the sample surface for different times after excitation.
The melting rate is determined by the velocity of the solid-The melting temperatur&,, is marked by the horizontal line, the
liquid interface and ultimately limited to the speed of sound.position of the solid-liquid interface by small arrows.

To model the thermal melting process after femtosecond
excitation we performed computer simulations based on @erimental data is far beyond the capabilities of our model
numerical solution of the one-dimensional heat-flow equadue to the various assumptions and restrictions. Nevertheless
tion. Because the lateral length scalpesmp beam diameter we will show that the model is capable tpalitatively ac-
are much larger than the typical length scales perpendicularount for the observed time evolution of the reflectivity.
to the surfacgdpump absorption depthateral heat diffusion Typical results of the calculations are depicted in Figs.
can be neglected and a one-dimensional description is suffd(@ and 3b). Fig. 3a shows melt depth and melt-front
cient. We did not model the optical excitation process andelocity as a function of time, whereas in FigbBthe spatial
the initial stage of relaxation in the electronic system. Due taemperature profilegperpendicular to the sample surface
the fast energy relaxation we assumed instead that within are plotted for different times after excitation. The main
few picoseconds after excitation a certain temperature distriqualitative features of the experimental observations are well
bution is established in theolid phase of the material. This reproduced by the calculations. Initially the velocity of the
distribution is determined by the effective pump absorptionmelt front is extraordinary higlta few hundred mjs This
depth and by carrier diffusion processes. It is characterizedxplains the observed increase of reflectivity during the first
by strong overheating of the solid phase, because a certaitD ps. Later the movement of the phase boundary slows
amount of energy, corresponding to the necessary latent hedown significantly and the interface velocity drops below 50
of fusion, has to be initially stored in the solid. As in the m/s. In the calculations it takes more than a nanosecond to
picosecond case melting is assumed to start at the surface bgach the maximum melt depth, again in good qualitative
heterogeneous nucleation. The velocity of the solid-liquidagreement with the experimental data. The analysis of the
interface is a function of its temperatugiaterface response spatial temperature distributions shown in Fi¢b)3explains
function IRF). The thickness of the liquid layer increases asthis behavior. Initially the material at the surface is strongly
long as the solid is overheated, whereas resolidification takeverheated. This leads to rapid melting of the near surface
place when the interface temperature drops below the meltayer and to a correspondingly high velocity of the liquid-
ing point(undercooling of the liquid We choose a phenom- solid interface[marked by arrows in Fig. (8)]. Simulta-
enological form of the IRRRef. 22 with parameters which neously the temperature is reducésy more than 400 °K
were inferred from the interface velocities observed in pico-after 10 p$ due to the consumption of latent heat during the
second laser melting experimeRtsThe temperature depen- melting process, and the melt-front velocity drops accord-
dence of the thermophysical properties of the material is kephgly. It should be noted that, due to the moderate tempera-
into account by means of extrapolating the knownture gradient in the initial distribution, heat conduction into
dependenciéé to the overheated state of the solid. It shouldthe bulk is negligible. The change of the temperature in the
be noted that a detaileguantitativedescription of the ex- vicinity of the melt front at early times is only related to
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melting and to the concomitant consumption of latent heaterties of the strongly overheated solid. It should be noted that
The spatial temperature distributions are characterized bgluring the early stage of thermal, heterogeneous melting ex-
large positivetemperature gradients’{T/dz>0) behind the tremely inhomogeneous temperature distributions are ex-
solid-liquid interface, resulting in a temporary reversal of thepected[Fig. 3(b), 10 and 50 pkand therefore any optical
direction of the heat flow. Energy is transferred from themeasurement averages over a layer with strongly varying
deeper parts of the sample to the phase boundary causing thptical constants.
slow, continuous increase of the molten layer thickness. In summary we have studied thermal and nonthermal
Recently Huanget al® reported on temporally and spec- melting of gallium arsenide after femtosecond laser excita-
trally resolved measurements of the dielectric function oftion. For higher excitation fluences homogeneous, electronic
femtosecond excited gallium arsenide. Depending on excitamelting within a few hundred femtoseconds is observed.
tion strength they identified different regimes in the time This nonthermal process exhibits a distinct threshold fluence
evolution of the optical properties. For high fluences theirof 150 mJ/cri. Below that threshold the data indicate het-
data show a fast transition from semiconducting to metallicerogeneous melting under strongly overheated conditions.
behavior indicating the known nonthermal melting of the Extraordinary high melt-front velocities and nonmonotonic
material. For somewhat lower fluences they interpreted théemperature distributions are unique features of this rapid
changes of the dielectric function observed during the first 1@hermal process.
ps as an indication for lattice disorderingithout the K.S.T. acknowledges support by the Flughafen Frankfurt
semiconductor-to-metal transition associated with meltingMain foundation and by the University of Ess@forschung-
We suggest that the spectra measured by Huang and cepoo). A.C. acknowledges support by the European Com-
workers after a few picoseconds represent the optical propnunity (Human Capital and Mobility
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