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Phase transformations of crystalline Ge2Sb2Te5 films upon pulsed laser irradiation have been studied
using in situ reflectivity measurements with temporal resolution. Two different configurations
allowed point probing with nanosecond temporal resolution and imaging with subpicosecond
temporal and micrometer spatial resolution. The role of the pulse duration and laser fluence on the
dynamics of the phase change and the degree of amorphization is discussed. Several advantageous
features of femtosecond compared to nanosecond laser-induced amorphization are identified.
Moreover, a high-resolution study of the amorphization dynamics reveals the onset of
amorphization at moderate fluences to occur within ⬃100 ps after arrival of the laser pulse. At high
fluences, amorphization occurs after ⬃430 ps and the molten phase is characterized by an
anomalously low reflectivity value, indicative of a state of extreme supercooling. © 2008 American
Institute of Physics. 关DOI: 10.1063/1.2836788兴
I. INTRODUCTION

The concept of phase change data storage was demonstrated by S. R. Ovshinsky 40 years ago.1 It is based on the
switching of chalcogenide films between the amorphous and
crystalline phase, having very different optical and electrical
properties, by means of controlled heating and cooling. In
phase change optical recording, the heat is delivered to the
film by means of a short laser pulse and the data is also read
out optically, exploiting the fact that the crystalline and
amorphous phases have different reflectivities. Having appeared already in 1990 as a commercial product, phase
change optical disks 共PCODs兲 have achieved maturity and
impressive performance.2 More recently, electrically addressed storage devices, also based on phase changes in chalcogenides, have been developed, which are compatible with
complementary metal oxide semiconductor 共CMOS兲 technology. These so-called phase change memories 共PCMs兲 rely on
different electrical resistances of crystalline and amorphous
phases and prototype devices have already been demonstrated by several manufacturers. PCMs are one of the most
promising candidates for next-generation nonvolatile memories, having the potential to surpass the performance of flash
memories, including scalability.3
Present research in phase change data storage is focused
on further improving device performance 共PCOD and PCM兲
in terms of capacity, archival lifetime, data transfer rate, etc.
While high capacities 共50 GB兲 and long lifetimes 共⬎20
years兲 have already been reached, at least for PCODs and in
today’s Blu-ray disks, the maximum achievable data transfer
rate seems still far from satisfactory. One reason is the technical difficulty to fabricate compact laser sources able to
a兲
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generate pulses shorter than a few tens of nanoseconds for
triggering phase transitions, thus imposing a limit to the data
transfer rate achievable. However, with the arrival and ongoing miniaturization of femtosecond laser pulse systems, this
limitation has been overcome at the laboratory stage and
should soon be overcome in commercial devices. Another
fundamental limit on the data transfer rate is the phase
change response of the recording material. The material currently employed in PCOD and PCM devices is usually a thin
film of the GeTe − Sb2Te3 pseudobinary system. Yamada et
al. reported already in 1991 reversible phase changes in three
stoichiometric compositions of this system, Ge1Sb4Te7,
Ge1Sb2Te4, and Ge2Sb2Te5, using pulse durations as short as
30 ns.4 Materials and pulse durations used in this pioneering
work remain the standard of today’s technology. Since amorphization requires melting and rapid quenching, shorter or
even ultrashort pulses are inherently suitable because they
are able to generate much higher cooling rates than nanosecond laser pulses.5 In contrast, the inverse transformation is
clearly not favored by using ultrashort laser pulses due to the
existence of a minimum time required for stable crystalline
nuclei to form and grow.
By careful tailoring of heat flow conditions of the filmsubstrate system, reversible phase changes were achieved in
the 1990s 共Refs. 6 and 7兲 in GexSby films using picosecond
and femtosecond pulses. The full phase transformation times
for picosecond pulse irradiation of Ge0.07Sb0.93 films were
determined to be around 400 ps both for crystallization and
amorphization.8 These results achieved in the binary GeSb
system show that ultrafast reversible phase transformation
can be achieved in the GeTe− Sb2Te3 system, if appropriate
system conditions can be found. A first step in this direction
has been made recently in which a suitable film-substrate
system was identified to allow for reversible phase changes
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in Ge2Sb2Te5 triggered by 30 ps laser pulses,9 3 orders of
magnitude shorter than the limit found by Yamada et al.4
Recent studies on the influence of doping10 or vacancies11 in
the GeTe− Sb2Te3 system have shown an alternative route to
modify and speed up crystallization. However, reversible
phase switching with femtosecond laser pulses still remains a
challenge in the GeTe–SbTe system. A full understanding of
the dynamics of the phase change is required in order to
overcome it.
The aim of this work is to study the amorphization dynamics in Ge2Sb2Te5 films upon pulsed laser irradiation with
nanosecond and femtosecond laser pulses. It is evaluated by
studying reflectivity changes during transformation with
temporal resolution in two modalities. The first one, based on
detecting a probe beam with a fast photodiode, provides a
temporal resolution of a few nanoseconds and covers a broad
temporal window. The second modality, femtosecond pumpprobe microscopy,12,13 provides a temporal resolution better
than 1 ps and zooms into the time window of a few nanoseconds, in which melting, quenching, and amorphization are
most likely to occur. Previous subnanosecond resolution
studies, using picosecond laser pulses, have already revealed
important details of the phase transition, such as the existence of three distinct stages, namely, rapid melting, solidification, and slow relaxation,14,15 as well as the dominant
influence of the thermal conductivity of the substrate to either facilitate or prevent amorphization.9 The present work
aims for a much higher temporal resolution in order to truly
resolve the phase transformation induced by femtosecond laser pulses and to compare its dynamics to that induced by
nanosecond laser pulses. Moreover, the technique used 共femtosecond pump-probe microscopy兲 is capable of providing
micrometer spatial resolution and is thus able to follow the
transformation dynamics simultaneously at different spatial
positions of the irradiated region, which correspond to different local laser fluences.12,13,16
The paper is organized as follows. Experimental details
and conditions are given in Sec. II. The results are described
and discussed in Sec. III, which is divided into two parts:
The first part 共Sec. III A兲 contains a comparative study of the
amorphization process induced by nanosecond and femtosecond laser pulses, whereas the second part 共Sec. III B兲 focuses
on the amorphization dynamics induced with femtosecond
laser pulses. The main results are summarized and conclusions drawn in Sec. IV.
II. EXPERIMENTAL APPROACH, DATA ANALYSIS,
AND MODELING

The sputter-deposited samples used in this study consisted of 46 nm thick, face-centered-cubic polycrystalline
and amorphous Ge2Sb2Te5 films on Si共001兲 wafers with a
sandwiched 10 nm thick SiO2 buffer layer. The structure and
the thickness of the films were determined by means of x-ray
diffraction and x-ray reflectivity measurements, using an
x-ray tool equipped with both a scintillator and a positionsensitive detector, already described elsewhere.17 Measurements of the optical properties of the films were performed
using a Woollam spectroscopic ellipsometer, covering a
range from 350 to 1700 nm and measuring at different angles
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of incidence 共76°, 78°, 80°, 82°, and 84° in the crystalline
film and 78°, 80°, and 82° in the amorphous film兲. The refractive index and absorption coefficient were obtained by
fitting the experimental data to the Tauc–Lorentz model.18
The obtained values are consistent with those reported by
Lee et al.18 and have been used to model the expected reflectivity change upon amorphization progressing in depth. The
model takes into account the complete sample system
共Ge2Sb2Te5 film, SiO2 buffer layer, Si substrate兲 with their
corresponding optical constants and thicknesses. Moreover,
it takes into consideration a full coherent superposition of
Fresnel reflections at all interfaces for a given probe wavelength at normal incidence.13 Laser irradiation was performed using a regeneratively amplified Ti:sapphire laser
system operating at 800 nm central wavelength with a pulse
duration that could be switched from 120 fs to 8 ns by blocking the femtosecond oscillator seed laser. The s-polarized
amplified laser beam was focused onto the sample at an
angle of incidence of 54° to an elliptical spot size of 100
⫻ 59 m for measurements with nanosecond resolution and
to 173⫻ 100 m for those with subpicosecond resolution
共1 / e2-intensity diameters兲. In both cases, we select a single
laser pulse from a 100 Hz pulse train by means of an electromechanical shutter to irradiate an unexposed region of the
sample. The temporal evolution of the surface reflectivity
was measured by recording the reflected signal of a second
laser beam probing the transforming region at normal incidence. Two different configurations were used. In the first
one, point probing real-time reflectivity measurements, the
probe laser was a frequency-doubled, continuous-wave,
single-frequency Nd:yttrium aluminum garnet 共YAG兲 laser
emitting at 532 nm, whose output was focused to a spot size
of ⬃5 ⫻ 5 m at the center of the region irradiated by the
pump laser. The specular reflection of the probe light was
collected and focused onto a fast photodiode connected to a
fast oscilloscope, providing a temporal resolution of a few
nanoseconds. In the second configuration, femtosecond
pump-probe microscopy, a fraction of the pump pulse was
frequency doubled to 400 nm 共probe兲 and used as a lowintensity probe pulse to illuminate the sample at a userdefined temporal delay after the arrival of the pump pulse.
The probe light reflected from the sample was sent through
an ad-hoc designed microscope equipped with a 12 bit
charge-coupled device 共CCD兲 camera, using a microscope
objective 共20⫻, numerical aperture= 0.42兲 and a tube lens,
with a 10 nm bandpass filter centered at probe placed in the
imaging path. This setup allows recording snapshots of the
surface reflectivity at different delay times after the arrival of
the pump pulse. The temporal delay between pump and
probe pulse is achieved by means of a motorized optical
delay line covering a maximum delay of 1 ns and a manual
delay line to extend the delay up to 22 ns. The temporal
resolution of the system was slightly reduced by dispersion
in the optical components to an estimated value of ⬃500 fs.
Further details on the setup can be found elsewhere.13 White
light illumination images of the samples after irradiation
were recorded in reflection with the in situ microscope setup
described above, as well as with a separate standard white
light microscope.
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Analysis of the real-time reflectivity data with nanosecond resolution was straightforward by simply dividing the
reflectivity signal trace recorded during laser irradiation by
the trace recorded before laser irradiation. In the case of
femtosecond pump-probe microscopy data, signal normalization was done by dividing the image recorded at a given
delay after the pump pulse by an image taken before laser
exposure. This procedure allows for correction of the spatial
inhomogeneity of the illumination beam. Despite this correction, the normalized images did show superimposed intensity
patterns that varied randomly for different irradiations. A
careful study revealed that these patterns were caused by
small spatial fluctuations of the femtosecond laser beam,
which are inevitable because of the finite pointing stability of
the laser system. As a consequence, a randomly changing
lateral shift was produced between the intensity patterns of
the image recorded before and during laser irradiation. Conventional methods to extract intensity cross sections through
the normalized images turned out to be of little use because
of the so-produced residual modulation. Although averaging
several cross sections of neighboring pixel rows improved
the signal-to-noise ratio somewhat, the extracted horizontal
profiles still suffered from noise. In addition, the regions of
sharp intensity transitions were flattened as a consequence of
averaging neighboring pixel rows of an image with an elliptical feature. In order to overcome these problems, we performed radial averaging. First, the image dimensions were
scaled such that the elliptical spot became circular. Second,
all pixels at a given radial distance were averaged, effectively averaging along a circle. This was done for all radial
positions, yielding a radial profile that starts in the spot center 共r = 0兲. This method exploits the complete 2D information
contained in each image, e.g., each image pixel point is assigned its corresponding radial distance and contributes to
enhance the signal-to-noise ratio at a given radial distance.
Thus, the signal-to-noise ratio is lowest in the very center,
where only few pixels are averaged, and increases toward
larger radii. Moreover, this method preserves sharp radial
intensity transitions. We note that this method can only be
applied to intensity distributions with expected circular or
elliptical symmetry. The validity of the method in our case is
justified by the Gaussian intensity distribution of the pump
laser beam at the sample plane, which induces phase transformations with elliptical symmetry.
III. RESULTS AND DISCUSSION
A. Amorphization induced by nanosecond and
femtosecond laser pulses: A comparison

Figure 1共a兲 shows the reflectivity evolution of a crystalline sample as a function of time upon irradiation with single
nanosecond and femtosecond laser pulses, as measured with
the point probing real-time reflectivity measurement setup.
The observed reflectivity decrease appears to occur on a
similar time scale for both pulse durations and the reflectivity
finally reaches the same constant level. The final level is well
below the initial one and corresponds to the amorphous
phase, as confirmed experimentally by recovering the initial
reflectivity level of the crystalline phase upon irradiation of
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FIG. 1. 共Color online兲 共a兲 Evolution of the reflectivity at 532 nm of a
crystalline Ge2Sb2Te5 film upon laser-induced amorphization using a single
nanosecond laser pulse 共154 mJ/ cm2, black dashed curve兲 and femtosecond
laser pulse 共66 mJ/ cm2, red solid curve兲. The corresponding laser pulse
profiles are shown at the bottom 共black= nanosecond pulse, red
= femtosecond pulse兲. The reflectivity values are normalized to the reflectivity of the film before irradiation. The images were taken after irradiation
with a nanosecond 共b兲 and femtosecond 共c兲 laser pulse, using white light
microscopy. The dashed line in 共b兲 marks the region of partial amorphization
surrounding the amorphous spot in the case of nanosecond irradiation.

the amorphized region with a few laser pulses at low fluence
共typically a third of the fluence value required for amorphization兲. Neither recrystallization of the amorphous spot nor
crystallization of an amorphous sample could be achieved
with a single laser pulse. The 90% − 10% decay time extracted from the reflectivity data in Fig. 1共a兲 is ⬃20 ns upon
nanosecond pulse irradiation and ⬃12 ns upon femtosecond
pulse irradiation. It is well known that laser-induced amorphization requires melting as a previous step.19 Assuming
that solidification occurs interfacially toward the surface
starting from the maximum melt depth, which is the most
probable scenario, and considering the high thermal conductivity of the substrate and the thin buffer layer, the solidification velocities can be estimated by dividing the film thickness by the decay time. This estimation yields values of
⬃2.3 and ⬃3.8 m / s for the nanosecond and femtosecond
pulse data, respectively. These velocities are relatively low
compared to the critical amorphization velocities reported in
elementary bulk semiconductors20 but are comparable to
those observed in thin films.21 The femtosecond pulseinduced transformation is actually much faster, because the
value estimated above is affected by the limited temporal
resolution of the detection system.
The different nature of the phase transformation induced
by nanosecond and femtosecond pulses can be appreciated in
the white light microscope images in Figs. 1共b兲 and 1共c兲. For
nanosecond laser pulses, a relatively large modified region
with low optical contrast 关outer gray ring in Fig. 1共b兲兴 surrounds the amorphous spot. The transformation of this region
is not caused by lateral heat flow from the central region.
Under the present conditions of a spot size 共100⫻ 59 m兲
that is more than 3 orders of magnitude larger than the film
thickness 共46 nm兲, the dominant direction of heat flow is
toward the substrate. The thermal diffusion length during the
nanosecond pulse9 is ⬃60 nm and thus much small than the
spot size. This demonstrates that the modified outer ring in
Fig. 1共b兲 is not caused by lateral heat flow but by the slow
energy deposition at the wings of the Gaussian beam profile,
causing a weak material modification 共possibly partial amor-
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FIG. 2. 共Color online兲 共a兲 Reflectivity level at 532 nm obtained several
microseconds after irradiation with nanosecond and femtosecond laser
pulses as a function of laser fluence, extracted from a series of reflectivity
transients similar to those shown in Fig. 1. The dashed vertical line at about
38 mJ/ cm2 marks the change of slope of the femtosecond pulse data. 共b兲
Calculation of the reflectivity change induced in the film upon transformation into the amorphous phase, starting from the surface. All reflectivity
values are normalized to the reflectivity of the crystalline film at 532 nm
before irradiation.

phization兲 as a consequence of partial melting and a reduced
supercooling. The absence of this surrounding modified zone
for femtosecond pulses in Fig. 1共c兲 is due to the instantaneous energy deposition possible with ultrashort pulses, generating conditions for strong supercooling that results in
sharper transformation thresholds. While the ability of femtosecond pulses to achieve spots without a modified outer
region has already been reported by Ohta et al.,5 it was attributed to the absence of lateral heat flow. However, as the
above estimation of the thermal diffusion length shows, lateral heat flow is not the issue for nanosecond pulses but the
wings of the Gaussian beam profile in combination with heat
flow to the substrate during the pulse.
The virtual absence of heat flow during the femtosecond
laser pulse leads also to a more efficient energy deposition,
which can be seen by the much lower fluence values
共66 mJ/ cm2兲 required to achieve amorphization compared
to nanosecond pulses 共154 mJ/ cm2兲. This can also be appreciated in Fig. 2共a兲, showing the final reflectivity level obtained after irradiation as a function of the laser pulse fluence. The threshold for a measurable reflectivity decrease
upon irradiation with single nanosecond pulses is
⬃40 mJ/ cm2, compared to ⬃20 mJ/ cm2 for femtosecond
laser pulses. Moreover, the reflectivity drops much faster
upon femtosecond than upon nanosecond irradiation, and
two fluence regimes with different evolutions can be distinguished in the former case: a relatively slow decrease until
⬃38 mJ/ cm2 and an abrupt decrease at higher fluences.
The evolution of the reflectivity upon transformation
from the crystalline film into a film with an amorphous surface layer, which increases in thickness as the laser fluence is
increased, has been calculated using the model described in
Sec. II. The result of the normalized reflectivity change is
shown in Fig. 2共b兲. The calculated reflectivity evolution resembles the experimental data in Fig. 2共a兲, thus establishing
a relationship between the quantities of the x axis of Figs.
2共a兲 and 2共b兲, i.e., the laser fluence and the thickness of the
amorphized surface layer. This relationship implies the accomplishment of three conditions: First, the melt depth is a
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FIG. 3. Time-resolved surface reflectivity images 共probe = 400 nm兲 of a
crystalline Ge2Sb2Te5 film at different delay times t 共see image labels兲 after
exposure to a femtosecond pump pulse. The peak fluence is 60 mJ/ cm2.
The gray scale used is linear and the same for all frames. The frame size is
153⫻ 101 m.

monotonous function of laser fluence. This condition is met
whenever the laser fluence exceeds the threshold value for
surface melting. Second, the supercooling generated in the
molten layer by heat flow towards the substrate is sufficiently
large, over the entire fluence range, to support nucleation and
growth of the amorphous phase. This condition is met in our
case because the heat extraction to the substrate is very efficient due to the large thermal conductivity of Si and the
reduced thickness of the poorly conducting buffer layer. And
third, the amount of latent heat released during solidification
is small in order to maintain a sufficiently strong supercooling for amorphization to occur and suppress recalescence
effects.21 This condition is likely met because the amount of
latent heat released is proportional to the thickness of the
Ge2Sb2Te5 film,8 which in our case is small.
The maximum optical contrast 共normalized reflectivity
change兲 predicted by the calculation 共⬃−29%兲 in Fig. 2共b兲
agrees well with the experimental data 共⬃−26%兲 upon nanosecond and femtosecond pulse irradiation in Fig. 2共a兲. Moreover, the femtosecond pulse data shows an inflection point at
52 mJ/ cm2, which corresponds in the model to the minimum observed in the calculation for an amorphous surface
layer of ⬃24 nm. The subsequent increase of the level for
higher fluences is consistent with the calculation and indicates that the film has been amorphized throughout its whole
thickness. In contrast, the absence of an inflexion point in the
nanosecond pulse data indicates that less than 24 nm have
been transformed into the amorphous phase. An increase in
laser fluence beyond the data range shown in Fig. 2共a兲 leads
to film ablation, the ablation threshold values being 210 and
70 mJ/ cm2 and for nanosecond and femtosecond pulses, respectively.
B. High-resolution study of the amorphization
dynamics induced by femtosecond laser pulses

In the case of femtosecond pulse irradiation, we have
performed a complementary study of the amorphization dynamics using femtosecond pump-probe microscopy. Figure 3
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FIG. 4. 共Color online兲 Radial profiles of the reflectivity extracted from the
series of images shown in Fig. 3 following the procedure described in Sec.
II. The reflectivity values are normalized to the reflectivity of the crystalline
film at 400 nm before irradiation. The dashed black curves correspond to
profiles recorded several seconds after irradiation 共t = ⬁兲 and the solid red
curves to profiles recorded at delay t, indicated in the label of each frame.
The radial coordinate has been normalized to the maximum extension of the
region of 共almost兲 complete amorphization. The shaded areas mark the regime of partial amorphization 共1 ⬍ r ⬍ 1.7兲 sandwiched between the regime
of amorphization of an optically thick layer 共0 ⬍ r ⬍ 1兲 and that of heating
without phase transformation 共1.7⬍ r ⬍ 3兲. The plot at t = 22 ns marks characteristic radial positions A, B, C, and D 共and thus different local fluences兲
used for analysis and the representation in Fig. 5.

shows a series of images of the surface of the crystalline
sample illuminated by the femtosecond probe pulse at different delays after the arrival of a femtosecond pump pulse with
a peak fluence of 60 mJ/ cm2. The evolution of the optical
changes shows a gradual homogeneous darkening of the irradiated area up to a delay of 50 ps, which corresponds to
occurrence of film melting. For further-increasing delays
共100–325 ps兲, the dark region shrinks gradually, leaving behind a ring with a reflectivity that is higher than that of the
dark region but lower than the unexposed region. The dark
region vanishes completely at t = 430 ps, and the phase left
behind resembles very much the final amorphous phase, as
can be seen by comparison with the image recorded several
seconds after the arrival of the pump pulse 共t = ⬁兲.
Radial reflectivity profiles 共at 400 nm兲 of the normalized
images recorded at different delays 共Fig. 3兲 have been extracted according to the procedure described in Sec. II and
are shown in Fig. 4. The radial coordinate r refers to the
radial distance of the corresponding intensity value from the
center of the spot, after having rescaled the elliptical intensity distribution to a circular one. Because of this rescaling,
we keep the r coordinate in arbitrary units to avoid confusion
between horizontal and vertical physical dimensions. Because the pump beam has a well-defined 共Gaussian兲 spatial
intensity distribution, different radial positions correspond to
different local fluences. For each transient profile 共red solid
curves in Fig. 4兲 at a given delay, the corresponding final
profile 共black dashed curves in Fig. 4兲 obtained several seconds after irradiation 共t = ⬁兲 is also included. As explained in
Sec. II, the small differences between the profiles at t = ⬁ are
due to the residual modulation in the normalized images and
due to pulse-to-pulse fluctuations of the probe beam intensity
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共⬃ ⫾ 8%兲. The appearance of noise spikes at very low
r-values 共0–0.1兲 in the transient and final profiles is caused
by the low number of pixels at this radial position.
The potential of the radial profile method becomes evident when looking at the transient profile obtained at t
= 1.5 ps, which shows a clear transient reflectivity decrease
below 1 共reflectivity values normalized to the reflectivity before irradiation兲, something that cannot be appreciated from
the corresponding nonprocessed image in Fig. 3. At increasing delays, the reflectivity decrease gets not only more pronounced but also extends beyond the region showing permanent optical changes 共t = ⬁ curve, 0 ⬍ r ⬍ 1.7兲, reaching its
maximum extension 共0 ⬍ r ⬍ 2.5兲 at t = 30 ps. The region
1.7⬍ r ⬍ 2.5, exposed to much lower local fluences than the
center, fully recovers the initial reflectivity value after irradiation 共t = ⬁兲, which indicates that the material in this region
is only heated by the laser pulse but not structurally modified. The “transition region” 共1 ⬍ r ⬍ 1.7, shaded in gray in
Fig. 4兲 between this heated outer region and the fully amorphized region in the center corresponds to a region in which
amorphization has only occurred in a thin surface layer. Also,
here 共as in the outer region兲 the reflectivity changes smoothly
with time. Note that the relative spatial extension of this
transition region is much smaller than in the case of nanosecond irradiation 关cf. Figs. 1共b兲 and 1共c兲兴.
Very different, however, is the temporal evolution in the
central region 共0 ⬍ r ⬍ 1兲, which eventually transforms into
an optically thick amorphous phase. Here, the radial reflectivity distribution continuously decreases until a delay of
30–50 ps, when it changes strongly. At longer delays, the
spatial extension of the minimum starts to shrink, consistent
with the observations in Fig. 3, where the dark region, attributed to the liquid phase, disappears at t = 430 ps, leaving
behind an approximately constant reflectivity value up to r
= 1. The good match of the transient reflectivity profile at this
delay with the final profile after irradiation area 共t = ⬁兲 within
the central region 共0 ⬍ r ⬍ 1兲 indicates that already at t
= 430 ps the entire region has been transformed from the
crystalline into the amorphous phase. If we assume that the
peak fluence in the spot center is sufficient to melt throughout the entire film, an estimation of the solidification velocity
yields a value of ⬃100 m / s, much higher that the one estimated from the measurements shown in Sec. III A, which
were affected by a limited time resolution.
The above discussion implies that amorphization is initiated at the borders of the molten pool with the surrounding
crystalline matrix. This interpretation is in agreement with
the images in Fig. 3, showing that the dark region corresponding to the liquid phase disappears via a shrinking process. As already pointed out in Sec. III A, the shrinking process is not driven by lateral heat flow but by heat flow
toward the substrate, which has a r dependence due to the
Gaussian intensity distribution of the pump pulse. The resulting lower local fluences at large r values lead to lower peak
temperatures and shorter cooling times before the amorphous
phase can be formed. We have studied this fluence dependence of the amorphization dynamics in detail by representing the temporal evolution of characteristic radial positions,
marked in Fig. 4, t = 22 ns. The result is shown in Fig. 5. The
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FIG. 5. 共Color online兲 Temporal evolution of the normalized reflectivity 共at
400 nm兲 at the characteristic radial positions A, B, C, and D marked in Fig.
4. The local fluences corresponding to the radial positions are A
= 10.0 mJ/ cm2, B = 36.6 mJ/ cm2, C = 53.3 mJ/ cm2, and D = 59.6 mJ/ cm2.
The vertical dashed lines mark the key delay times of 30 ps 共thermalization
time兲 and 430 ps 共disappearance of the low-reflectivity phase兲.

temporal reflectivity evolution at radial position A 共corresponding to a local fluence of 10.0 mJ/ cm2, where only
heating occurs without permanent modification兲 is characterized by small and smooth changes. At t = 30 ps the minimum
value is reached, yielding a transient optical contrast of
⬃−5%. This relatively slow decay indicates that the transient
optical changes are caused by the temperature dependence of
the optical properties of the solid film.22 This result is in
contrast with the study on femtosecond excitation of amorphous Ge2Sb2Te5 at similar fluences, in which a decay within
less than 1 ps was observed.23 Possible explanations for this
difference may be the different laser parameters 共pump
= 400 nm, probe = 800 nm兲 and material phase 共amorphous兲
used in Ref. 23. However, we do observe a fast component
of the reflectivity recovery after the minimum 共curve A in
Fig. 5, between t = 30 and t = 50 ps兲, as reported in Ref. 23,
and we also observe a slow component on a nanosecond
scale.
At a local fluence sufficiently high to cause film melting
and amorphization 共radial position B = 36.6 mJ/ cm2兲, the
transient reflectivity decrease is much stronger but the minimum is reached at the same delay 共t = 30 ps兲 as for
10 mJ/ cm2 共position A兲. The further evolution of B is, however, very different. A slight increase at t = 100 ps is followed by a corresponding decrease, remaining almost constant until the final value after irradiation. Although the
origin of this oscillatory behavior at t = 100 ps is not clear,
we believe it is related to the fact that position B corresponds
to a region where amorphization is not induced throughout
the entire film thickness. In contrast, the evolution at position
C, corresponding to a much higher fluence of 53.3 mJ/ cm2,
shows a simpler behavior. Essentially, a reflectivity minimum is followed by a slight recovery at longer delays, yielding the reflectivity value of a completely amorphized film.
The minimum reflectivity value that occurs at t = 100 ps corresponds to the reflectivity value of the optically thick liquid

phase, which is only somewhat below the one of the amorphous phase. As done in Sec. III A for a probe wavelength of
532 nm 关cf. Fig. 2共b兲兴, we have calculated also for 400 nm
the expected reflectivity change upon transformation from
the crystalline film into an amorphous film. While the evolution is found to be very similar 共data not shown兲, a different value for the normalized minimum reflectivity is obtained. The calculated optical contrast at 400 nm for
complete amorphization is −22%, which is in excellent
agreement with the experimental value of ⬃−23% 共cf. Fig.
5, Rnorm = 0.77, t = 22 000 ps兲.
At the highest fluence studied 共position D
= 59.6 mJ/ cm2兲, the reflectivity continues to decrease further
after t = 30 ps, reaching its minimum value as late as t
= 220 ps. Moreover the relative reflectivity decrease
achieved in this case is ⬃−35% 共Rnorm ⬇ 0.65兲. This value of
Rnorm is much smaller than the one obtained at the end of the
amorphization process 共Rnorm ⬇ 0.77, ⬃−23%兲. This finding
is consistent with the results reported by Kieu et al. upon
picosecond laser irradiation,15 who found reflectivity values
of the liquid phase of Ge2Sb2Te5 below the one of the amorphous phase. In comparison, the results reported in Ref. 9
indicated reflectivity values above that of the amorphous
phase. However, those referred to a liquid phase induced at
low fluences that did not lead to amorphization, which indicates incomplete melting. On the other hand, the reflectivity
evolution at high fluences shown in Ref. 9 that did lead to
amorphization shows indications of a transient reflectivity
below the one of the amorphous phase. The much higher
temporal resolution in our case makes it possible to identify
unambiguously the presence of a transient liquid phase with
anomalously low reflectivity at high fluences, close to the
ablation threshold. The much later occurrence of the minimum at these high fluences 共D兲, at a stage when the molten
pool has begun to cool down rapidly, indicates that the
anomalously low reflectivity value could be caused by extreme supercooling of the liquid phase. This interpretation is
consistent with the fact that this phenomenon occurs in the
center of the spot, where it is expected that the film is molten
throughout its thickness. A direct contact of the melt with the
substrate should favor efficient heat extraction, thus achieving large supercooling values. The fact that the lowreflectivity liquid phase vanishes abruptly and long after the
laser pulse 共between t = 325 and 430 ps, cf. Figs. 3 and 5兲
excludes superheating of the liquid, as reported for Si 共Ref.
24兲 and GeSb,16 as a possible explanation for the lowreflectivity phase. It is also at t = 430 ps that the reflectivity
values of B, C, and D coincide 共Fig. 5兲, indicating the end of
the amorphization process over the entire spot diameter. The
slight increase toward longer delay values is probably related
to a combination of the temperature dependence of the optical properties of the hot solid and fluctuations of the probe
beam intensity that lead to an error in the normalized reflectivity of ⬃ ⫾ 0.02 between different delays.
IV. CONCLUSIONS

The use of femtosecond laser pulses to induce amorphization in Ge2Sb2Te5 films shows several advantages: The
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virtual absence of heat diffusion during the femtosecond
pulse results in sharp borders between the amorphized region
and crystalline background and a more efficient energy deposition, implying lower fluence values. The higher supercooling achieved compared to nanosecond pulses leads to a complete amorphization throughout the entire film thickness,
which should lead to a higher long-term stability due to the
absence of crystalline seeds that may trigger spontaneous
recrystallization. The higher supercooling also leads to much
shorter transformation times than achievable with nanosecond pulses, yielding a minimum amorphization time of 100
ps at moderate fluences. At high fluences we have found
evidence for the formation of a liquid phase with an anomalously low reflectivity immediately before the onset of amorphization. This points to a state of extreme supercooling of
the liquid phase, favored by the high thermal conductivity of
the Si substrate being responsible for the low reflectivity
values.
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