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ABSTRACT
Phase-change alloys are characterized by reversible switching between amorphous and crystalline
phases either by laser irradiation or by an electric programming current; the resulting changes in
material properties can be used for non-volatile data storage. Switching typically occurs on nanosecond
or less time scales. Considering the conflicting requirements for high-speed switching, yet long term
data storage integrity, a deeper understanding of the switching processes in these materials is essential
for insightful application development. Although, high-speed optical pump/probe observations have
been made of reflectivity changes during the Ge2 Sb2 Te5 switching process, due to the nanosecond
order time scales involved little is known about the corresponding changes in structure. In addition
as the amorphous phase does not diffract, its structural analysis is not amenable to analysis by
high-speed diffraction techniques. We have used synchrotron-based time-resolved x-ray absorption
fine structure spectroscopy (XAFS), a technique equally suitable for amorphous and crystalline
phases to elaborate details in structural changes in the phase-change process. We report on two
experiments using high-speed pulsed lasers that serve as optical pumps to induced material changes
followed by synchrotron produced x-ray burst that serve as a time resolved structural probe. The
first experiment carried out at the Advanced Photon source focuses on changes due to heating in
the amorphous phase. Our experimental results indicate that the maximum temperature reached
during the re-amorphization process are less than the melting point indicated in the bulk phase
diagram of Ge2 Sb2 Te5 reaching a maximum temperature of 620℃ and in addition, do not share
the same bond length distribution of a true melt. These findings strongly suggest the possibility of
non-thermal melting. In the second experiment, we have obtained near-edge x-ray absorption data
for a Ge2 Sb2 Te5 film in the process of transforming from the crystalline to the amorphous phase.
This was accomplished by use of a second re-crystallizing laser in addition to the amorphous state
induced fast pulsed laser. In the experiment presented here a 500 ps, 532 nm high-power pump laser
was focused to a spot size of 20 µm via the silica substrate onto a 50 µm thick Ge2 Sb2 Te5 layer
with a power density of approximately 60 mJ/cm2 ; the layer was capped to prevent oxidation by
air. Concentric to the laser beam, a 1x2.5 µm x-ray pulse generated from a single electron bunch
in the storage ring at SPring-8 was directed to the front side side of the sample. The relative
delay of the laser with respect to the x-ray pulse was varied in steps of 500 ps in the current
experiment. The presence of a 30 nm thick (ZnS)0.85 (SiO2 )0.15 ) layer above the Ge2 Sb2 Te5 layer
caused the Ge2 Sb2 Te5 located below the layer spot to transform from a crystalline starting phase to
an amorphous high-temperature phase and then back to a crystalline phase due to the trapped heat.

1. Introduction
Phase-change materials have been investigated for non-volatile memory applications from the late 1960s[1]. The
use of rewritable optical memory based upon these materials has now become widespread as typified by the digital
versatile disk - random access memory (DVD-RAM). In addition, the use of phase change materials for non-volatile
electrical memory as a replacement to Si-based flash memory is poised on the horizon. Experimentally, it has been
found that Te-based chalcogenide alloys exhibit the desirable properties of non-volatile switching on nanosecond
time scales while at the same time possessing a significant activation barrier for reversion to the initial state
allowing long-term data storage. In conventional optical recording, data is stored as amorphous bits on a crystalline
background; differences in reflectivity between the two phases provide the necessary contrast for the encoding of
data. While this switching phenomena has been in wide use for more than a decade, it is only recently that the
details of the structure of the amorphous and crystalline phases have come to light[2]. The use of phase-change
memory alloys in ovonic unified memory (OUM)[1] is well situated to replaced Si-based flash memory due to its
low-energy usage, indefinite cyclablility, and nanometer order scalability. In OUM devices, changes in resistivity
are achieved using the amorphous to crystalline transition, however, switching is effected by an electrical current;
multi-bit level OUM based memory devices are also possible as the phase-change alloys used allow nonvolatile
programming of different resistances by variations in the write current magnitude. Te-based phase-change memory
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alloys are also being used in a new generation of optical storage the Super REsolution Near field Structure disk
(SuperRENS). In SuperRENS devices, a phase change layer is located in proximity to a data storage layer containing
bits of size well below the far-field diffraction limit of the readout laser. For laser readout power above a critical
threshold, the formation of a near-field aperture allows readout of bit patterns using conventional far-field optics
allowing approximately an order of magnitude increase in the linear data encoding density[3]. Unlike, conventional
optical memory or OUM devices, SuperRENS disks use a crystalline layer of phase-change alloy for the active layer;
the readout laser induces optical parameter changes in the phase-change alloy layer that allow near-field data
readout. It is thought that the formation of a near field aperture is related to a laser-induced phase transition,
however, details of the transition are not understood. A common theme of all of these storage applications are the
partially conflicting requirements of fast memory storage and yet long durable storage lifetimes for recorded data. It
is thus essential to understand more the details of the switching process itself to fathom what techniques can be
used to modify the characteristics of the transition process to meet the demands of future memory devices.
2. Experiment
We report on two sets of time-resolved structural experiments here. The first, carried out at the Advanced Photon
Source, focuses on the amorphization process and attempts to answer some up to now difficult questions, namely “In
the laser-induced amorphization process, does the use of light play an additional role beyond conventional melting?”
and “What are some of the actual temperatures reached during the amorphization process?” The latter question
has particular technological significance in that while simulations of temperature rise have been relatively abundant
in the literature, there has been no direct confirmation of the temperatures actually reached by experiment due
to the (sub) micron-order spot sizes and the nanosecond-order time resolution required. Answers to both of these
questions have been further complicated by the fact that one of the great workhorses of synchrotron radiation,
time-resolved diffraction cannot be applied to the amorphous phase. A second set of preliminary experiments on
the transformation of the crystalline phase into the amorphous phase has been carried out at SPring-8 and will
be reported here as well. Both of these experiments have been carried out using a relatively new spectroscopy,
pump-probe, sub-nanosecond time-resolved X-ray absorption. The use of x-ray microbeams in conjunction with high
peak power pulsed lasers, allows optical excitation of the pump process to occur on time scales and in geometries
similar to those present in optical recording.
We first briefly describe the experiment carried out at Advanced Photon Source at Argonne National Laboratory.
The basic timing layout of the optical pump/x-ray probe (OPXP) experimental setup located in PNC-XOR at the
Advanced Photon Source is shown in Fig 2. In the experiment, a 88 MHz, 800 nm Mira 900 Ti-sapphire seed laser
is mode-locked using the Coherent ”synchrolock“ system to the ring’s 353 MHz RF frequency and is regeneratively
amplified by a RegA 9000 Ti:Sapphire laser and focused onto the surface of a sample mounted on a low jitter (DDU)
spindle assembly. The spindle assembly rotated at a constant linear velocity of approximately 10 m/s and serves to
limit the static heat buildup due to laser irradiation; the sample rotation speed was selected such that two subsequent
laser pulses would not spatially intersect. The Q-switched regenerative amplifier was triggered using the storage ring
P0 (single bunch orbit) signal which operates at a frequency of 272 kHz. The output of the laser was directed by a
series of mirrors to the sample surface at an incident angle of approximately 30 degrees. The position of the laser
could be translated in sub-micron steps across the surface of the sample via a nano-stepper mirror assembly located
in front of the sample. A lens located between the sample and the mirror allows focusing of the laser down to spot
sizes on the order of a few microns. The duration of the laser pulse was approximately 250 fs with a energy per pulse
of up to 4 µJ . In the current experiment, the Gaussian profile of the laser beam had a was approximately ∼ 20 µm
as determined by burning a spot on the sample surface. When an electron bunch traverses the in-vacuum undulator
at the beamline, high intensity x-rays are generated and subsequently focused via a Kirpatrick-Baez (KB) mirror
assembly onto the sample surface; the KB mirror transmission is approximately 60%. The size of the x-ray beam
used in this work was approximately three microns by four microns in size. By varying the relative phase of the RF
signal via a programmable gate array assembly, the relative time delay between the laser-pump and the x-ray probe
beam can be varied in increments of 18 picoseconds with the ultimate temporal resolution being determined by the
electron bunch length of ∼ 100 ps . As the regenerative amplifier can be clocked at the P0 (single bunch frequency)
of the ring, this unique setup allows use of the x-rays generated by a single electron bunch for every orbit of the ring.
X-ray absorption fluorescence induced by the incident x-ray beam is first converted to optical radiation by a fast,
sub-nanosecond rise time plastic scintillator and detected by a photomultiplier. A high-speed discriminator and
photon counter were gated at the ring P0 frequency so that only fluorescence originating from the unique electron
bunch used by the experiment was detected. Fluctuations in the incident beam intensity were normalized using an
avalanche photodiode which samples elastic scatter from the incident focused x-ray beam. Dead time corrections
were also applied to the photomultiplier signal. The temporal origin was determined by varying the relative time
delay while measuring EXAFS from a pure Ge standard sample at the same location. The relative position of the
x-rays and laser were confirmed by scanning the (sub-micron precision) sample stage after ”burning“ a hole in the
same using the highest laser power setting. To inhibit oxidation, the sample and the spindle assembly were placed
into a gas tight box into which a continuous flow of He was directed. A Kapton window was placed adjacent to the
photomultiplier to allow the Ge fluorescence photons to reach the detector. The box assembly was also fitted with an
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optical window in the appropriate position to allow the optical pump beam to reach the sample without distortion.

FIG. 1: A schematic diagram of the timing layout of the APS experiment.

The experimental sample used in the APS experiments consisted of a 50 nm thick Ge2 Sb2 Te5 layer deposited
between two 100 nm Si3 N4 encapsulation layers.
Next, we briefly describe the experiment carried out at SPring-8. Fig. 2 shows a schematic representation of
the layout of the crystalline-amorphous transition experiment. The experiment was carried out using beamline
BL39XU at SPring-8, Hyogo Japan. In the experiment, an 500 ps duration, 532 nm Nd-YAG laser (Advanced Optical
Technology AOT-WO-5OQSXHP special) pulse was directed from the back of the sample through a transparent
silica substrate onto the thin film sample on the surface. The disk was rotated to prevent static heat build up and to
allow for subsequent recrystallization by a second laser. The laser irradiation was Gaussian in profile with a spot
size of approximately 20 µm as verified by knife edge measurements. A variably delayed x-ray pulse of about 40 ps
in duration was directed at the film side of the sample giving rise to x-ray fluorescence signals that were in turn
sensed by a gated detector located orthogonal to the x-ray path to minimize Thomson scattering. The introduction
of the x-ray and laser beams in an anti-parallel fashion, allowed the use of non-optically transparent cap layers on
the sample surface as well as minimizing the effects of sample jitter on the relative locations of the x-ray and laser
beams. The x-ray beam was focused using Kirkpatrick-Baez x-ray mirror optics to a spot size of approximately 2 µm
as confirmed by a knife edge scan[4, 5]. The laser and the x-ray beam were aligned concentrically using a similar
procedure to that used for the APS sample. As laser power intensity is critical for control of experimental conditions,
an optical pump/optical probe experiment was operated using the same pump beam as the OPXP experiment with
an additional probe beam. The probe beam was generated using a fiber optically coupled pigtail laser equipped
with a high-speed (MHz order) modulation driver that was focused to approximately a micron spot size at the
center of the pump beam; the probe laser allowed continuous monitoring of the changes in optical reflectivity and
transmission induced by the pump laser. The optical probe beam was switched on the order of a microsecond to
avoid any significant heating due to the optical probe beam. The second CW re-crystallizing laser was directed
so that it was incident on the same track as the pump laser. In this way, the same material that was amorphized
by the pump laser half a rotation later would be recrystallized again allowing a pump-probe measurement of the
crystalline to amorphous transition.
Typical optical pump/probe experiments introduce an additional path to provide a temporal delay for a probe
beam split off from the pump beam to maintain synchronization. For synchrotron based experiments, however, the
period between x-ray bursts is determined by the orbit time around the storage ring of an electron bunch. The
synchrotron thus must serve as the ultimate time base for any pump probe experiment. For SPring-8, the orbital
time is approximately 4790 ns and a single electron bunch temporal length is about 30 ps. This results in a 30 ps
x-ray pulse being generated at a frequency of approximately 208.73 kHz when the electron bunch passes through the
in-vacuum undulator at the beam line. As the RF signal used to compensate for energy losses of electrons as they
transit the ring is intrinsically phase locked to the electron bunch temporal position, the time base for the OPXP
experiment was derived from a suitably divided down signal generated from the RF signal used by the ring; in these
initial experiments, the laser was triggered at a frequency of approximately 42 kHz. This signal was then introduced
into a Stanford Research SR535 digital delay generator. The delay generator has two output channels each of which
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FIG. 2: A schematic layout of the sub-nanosecond time resolved experiment at SPring-8.

can be delayed by a user settable values in 10 ps increments. To compensate for propagation time delay effects for
both the optical pump and the x-ray probe pulses, their relative position was assessed using an avalanche photo
diode (APD) that could detect both x-ray and pump photons. One output was directed to the trigger electronics of
the pump laser, while a second served as a trigger signal for a multichannel Stanford Research SR400 gated photon
counter. The use of a nanosecond window for the photon counter provides a robust insensitivity to background
noise as the counter only operates when there is an XAFS signal to be measured; the detector signal is only used
when there is a corresponding laser pump pulse. The local structure around Ge atoms in Ge2 Sb2 Te5 was probed in
these initial experiments using the Ge K-edge (11.1 keV). Ge K–α radiation was converted to visible light using
a fast plastic scintillator with a ∼ 1 ns rise time from Saint-Gobain which was then in turned into an electrical
signal using a fast photomultiplier. One integrator channel was dedicated to the high-speed detector output while
the other measured an I0 signal derived from a very thin fused quartz plate scatterer in the x-ray beam path.
An additional SR535 was used to generate trigger signals for the optical probe laser drive providing the optical
probe pulse. The sample used for the SPring-8 experiment consisted of a 50 nm Ge2 Sb2 Te5 layer embedded in
the structure: polycarbonate substrate/(ZnS)0.85 (SiO2 )0.15 ) (100 nm)/Ge2 Sb2 Te5 (50 nm)/(ZnS)0.85 (SiO2 )0.15 ) )30
nm)/Al-Cr (100 nm). The pump laser was incident though the substrate while the x-ray beam was incident through
the 100 nm Al-Cr layer; the Al-Cr layer was transparent to the x-rays yet served as an effective oxygen barrier to
prevent oxidation of the heated film during the measurement.
3. Results and Discussion
While there have been a variety of optical based pump-probe experiments, little is known about the structural
modifications induced by short laser pulses. Quite often these experiments have been performed in air and experience
has shown that Ge2 Sb2 Te5 in air oxides quite readily under the influence of laser-induced heating [6]. Perhaps as a
consequence of this, there have been a wide variety of different amorphization thresholds reported in the literature.
For pulse durations short enough, the effects of thermal diffusion on the attained temperature as a function of fluence
are expected to be negligible [7] and a consistent threshold should be expected. There are however, a variety of
different amorphization fluences reported in the literature ranging from a few to several hundred mJ/cm2 [7–9]. In
addition, there are apparent contradictions in the literature as well with some papers reporting that single shot
crystallization is impossible for fast (< tens of picoseconds) laser pulses[7], while others [10, 11] reported the existence
of lower fluence (< 10 mJ/cm2 for a 120 fs laser pulse[10] thresholds for fast single-shot laser crystallization. For the
APS experiment, initially the steady-state changes in the crystal structure of an as-deposited film were monitored
using near-edge structure (XANES) for different laser fluences; the differences between the amorphous and crystalline
structures are clearly distinguishable using XANES[12]. A sharp threshold-like behavior was found which could
be discriminated into three different categories. Note here the pulse duration was constant at 250 fs. The trend is
reproduced in Fig.3. For laser fluences F, below about 22 mJ/cm2 , no change in structure from the amorphous state
was noted. For fluences 22 mJ/cm2 > F < 40 mJ/cm2 , a transformation from an initially amorphous structure
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to a crystalline structure was observed. While there was no clear upper limit on amorphization inducing fluences,
significantly higher fluxes than 40 mJ/cm2 were noted to result in irreversible changes in the film (ablation).
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FIG. 3: Threshold behavior summary for Ge2 Sb2 Te5 films irradiated with different laser fluences.

In the next series of experiments, the laser fluence was fixed at 40 mJ/cm2 and EXAFS spectra were obtained for
a variety of different delay times. For each time period a series of 20 individual scans were averaged. Fig.4 shows
Fourier transformed (k2 weighted) dynamic χ data for time=0 spectra (the maximum temperature increase) along
with static data taken using a large volume cell at beamline bl14b1 at SPring-8. In addition a laser-reamorphized
spectra is shown for reference. For the static measurements, the temperature of the melt was monitored using a
thermocouple in the cell. The change in intensity of the Fourier transformed χ data for a common structure is
directly related to the two-center correlated mean square displacement (the EXAFS analogue to the Debye-Waller
parameter of x-ray diffraction). It is clear by direct comparison with the static spectra that the temperature reached
in the Ge2 Sb2 Te5 layer above the amorphization threshold is less than the bulk phase diagram melting point of
640 ℃ and is approximately 620 ℃ .
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FIG. 4: Comparison of dynamic and static measurements taken at different temperatures.

Fig.5 shows a plot of the Fourier transformed χ data for the Ge2 Sb2 Te5 film for different delays. For the highest
temperature, t=0, spectra, the Ge-Te bond length can be seen to lengthen by about 0.1 Åconcomitant with a slight
broadening of the peak. It should be noted here that the distances in the figures have not been corrected for the
potential induced phase shifts. A more complete fitting analysis will be presented in a future publication. It should
also be noted here that while an ultra-fast laser was used as a pump source, the ∼ 100 ps duration of the x-ray
probe pulse assures that the lattice has reached thermal equilibrium and the temperature is well defined.
The final figure, Fig.6 shows preliminary results from the SPring-8 experiment observing structural changes
associated with the transformation from the crystalline to the amorphous phase. The pulse duration of the 532 nm
laser used for these experiments was fixed at 500 ps and the fluence was ∼ 40 mJ/cm2 . In the figure, the relative
temporal position of the laser relative to the x-ray beam is moved from 500 ps after the x-rays (e.g. the recrystallized
state) to 1 ns before the x-rays, the amorphous state. Further analysis of the XANES is now underway and a more
extensive set of experiments is also planned for the near future.
4. Conclusion
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FIG. 5: Fourier transformed χ data for Ge2 Sb2 Te5 films irradiated with 34 mJ/cm2 with various delays.
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FIG. 6: Ge K-edge XANES data for various delays in the transformation from crystalline to amorphous.

We have carried out time-resolved structural measurements using an optical pump/x-ray probe configuration.
While results are still at a preliminary stage, the APS based experiments strongly suggest that that thermal
transformations alone may not be sufficient to explain the re-amorphization process. Initial measurements of peak
temperature, calibrated against static measurements indicate that the peak temperature reached is on the order
of 620℃ , a value below the melting point indicated by the bulk phase diagram[13]. This value suggests that
there is an optical (e.g. electronic contribution) to the transition process beyond that of a simple quench from the melt.
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