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1. Introduction

The worldwide hunger for secure and smarter electronic data storage grows daily to satisfy
today's extremely demanding business and entertainment requirements, and this drives the
need to pack data into an increasingly smaller volume at ever faster speeds. Digital versatile
disks (DVDs) are one of the most convenient storage devices for large amount of
information such as video and digital graphs. One of the keys to develop the DVDs was to
create the fast phase-change material, which gives rise to faster bi-directional phase change
between crystal phase and amorphous phase by laser heating within the recording mark.
Another key was to minimize the size of the recording mark for high density data storage.
The DVDs have already been a mass product as one of the indispensable home electronic
appliances, even though the mechanism of fast phase change has been the remained
problem to be solved. Then, to develop the next generation higher density and faster optical
data storage system, the atomic and electron level study was required in the last decades.
This chapter will describe the challenge of the atomic level research for the fast phase-
change mechanism of the DVD materials via X-ray pinpoint structural measurement, which
is the state-of-the-art synchrotron radiation (SR) materials-analysis techniques developed at
SPring-8. The X-ray pinpoint structural measurement and it’s data analysis technique has
been further upgraded by combining with theoretical structure modelling and became a tool
to investigate how laser pulses alter the atomic structure of a class of materials useful for
data storage and uncover a mechanism that could help the development of even faster
information storage in the future.

So far, the great efforts and developments have been paid for the progress of the DVD
materials (Wutting & Yamada, 2007). The development of new phase-change materials,
leading to the discovery of GeTe-SbyTe; (Yamada et al.,, 1987) and of Agi1Ini1SbssTex
(Iwasaki et al., 1992), has allowed us to produce rewritable compact discs, DVDs, and Blu-
ray discs. In the commercial rewritable DVDs such as DVD-random access memory (RAM)
and DVD-rewriteable (RW), information is written to the phase-change materials composed
of the alloys of Ge, Sb and Te, or those of Ag, In, Sb and Te by changing their phase locally
between amorphous and crystalline states using a sub-micrometer sized laser irradiation.
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260 Materials Science and Technology

The recording and erasing are performed by controlling the laser intensity for irradiation,
yielding a difference in the transient heating and cooling rates of the materials. A higher
cooling rate from a temperature above the melting point generates the amorphous phase; a
lower rate produces the crystalline phase from the amorphous phase. Because the optical
reflectivity of the two states is different, this information can be easily read from the disk by
measuring the reflectance with a low power laser. Recently developed DVD materials can
complete the phase change with a 20 ns laser irradiation (Fig. 1).
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Fig. 1. Schematic illustration of recording and erasing process in rapid phase-change
materials.

In contrast to the reliability and high-speed-performance of DVD media, the mechanism of
rapid phase change, especially crystallization from the amorphous phase is still not fully
understood, in spite of a lot of investigation using transmission electron microscopy (Park et
al., 1999; Naito et al., 2004), fluctuation electron microscopy (Kwon et al., 2007), optical (Wei
& Gan, 2003), electronic (Lee et al., 2005), and structural (Yamada & Matsunaga, 2000;
Kolobov et al., 2004; Kohara et al., 2006) studies. We therefore developed the X-ray pinpoint
structural measurement system (Kimura et al., 2006), which enables the 40 picosecond time
resolved pump and probe X-ray diffraction experiment using 100 nm scale SR beam. Using
the system, we achieved the real-time in situ structural observation of the amorphous-crystal
phase change process in nanosecond time-scale (Fukuyama et al.,, 2008a). The obtained
results using the time-resolved X-ray diffraction apparatus coupled with in situ optical
reflectivity monitor showed the strong correlation between the crystal growth and optical
reflectivity, and the difference in the crystal growth process between Ge;Sb,Tes (GST) and
Ag3.5In3_88b75_oTe17_7 (AIST).

In the following section, we describe the detail of the X-ray pinpoint structural measurement
system for investigation of optical recording process and its performance (Tanaka et al.,
2009). Moreover, we describe the recent progress for fully understanding the atomic
structure of AIST and compare it to GST through the research with X-ray diffraction,
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extended X-ray absorption fine structure (EXAFS), hard X-ray photoelectron spectroscopy
(HXPS) measurements and computer simulations (Matsunaga et al., 2011).

2. X-ray pinpoint structural measurement system for investigation of optical
recording process

The pulse characteristic and high coherent X-ray beam of SPring-8 allow us to investigate
dynamics of chemical reactions and phase transition of materials caused by applied field. In
order to realize the direct investigation, we developed the X-ray pinpoint structural
measurement system at BL40XU of SPring-8, which enables the advanced X-ray
measurement technique in nanometer spatial scale and/or picosecond time scale. This
system was used not only for investigation of optical recording process but also for charge
density level visualization of photo-induced phase transition (Fukuyama et al., 2010) and
sub-micron single crystal structure analysis (Yasuda et al., 2008; Yasuda et al., 2010).

In order to investigate the amorphous-crystal phase change on recording DVD media we
optimized the X-ray pinpoint structural measurement system. Figure 2 shows the schematic
illustration of experimental setup for taking a snapshot of X-ray diffraction profile of optical
phase-change materials. The main optimized components are laser-SR timing control
system, a sample rotation system, an optical reflectivity probe system, and an X-ray
diffractometer. The following sub-sections describe the components and their performance.
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Fig. 2. Experimental setup for taking a snapshot of X-ray diffraction profile of optical phase-
change materials.

2.1 Laser-pump and X-ray SR probe system

A pulsed nature of synchrotron X-ray beam due to the acceleration mechanism of charged
particles has enabled us to conduct the stroboscopic X-ray measurement in picosecond time-
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scale. In the stroboscopic X-ray diffraction measurement, the pulsed X-rays from a SR source
are diffracted at a sample after a short-pulsed laser synchronized to the SR X-ray pulses
illuminates it, as schematically shown in Fig. 3. The time-dependent snapshot can be taken
by changing the time delay indicated as t in Fig. 3.
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Fig. 3. Schematic illustration of time-resolved X-ray diffraction measurement using a laser-
pump X-ray-probe method.

To measure an impulse response of the crystallization, a mode-locked Ti:sapphire laser with
a pulse width, A t, of 130 fs was used as a pump laser. A photo of the laser system is shown
in Fig. 4. The laser system is equipped with a regenerative amplifier which produces pulses
with a pulse energy of 1 mJ, a wavelength of 800 nm, and a repetition rate of 1 kHz. The
laser was synchronized to the RF master oscillator of the SR storage ring for acceleration of
electrons, as shown in Fig. 2. Since the detailed synchronization system was published
(Tanaka et al., 2000), the synchronization and timing control system are briefly summarized
here. Timing synchronization of the mode-locked laser oscillator was achieved by
controlling the cavity length, with the precision of a few ps. The repetition rate is 84.76 MHz,
corresponding to the 1/6 of RF of the storage ring master oscillator. Output timing of
regeneratively amplified laser pulses is controlled in consideration of the revolving
frequency (the round trip is ~5 ps) of the storage ring.

Synchronization
controller

Ti:sapphire laser oscillator

Fig. 4. Femtosecond pulsed laser system. The laser system is mainly composed of a
Ti:sapphire laser oscillator and a regenerative amplifier. The regenerative amplifier
produces optical pulses with a pulse energy of 1 mJ, a wavelength of 800 nm, and a
repetition rate of 1 kHz.

Figure 5 shows a time chart of the laser and the SR pulses in the experiment. The time
structure of SR pulses is dependent on the filling pattern of electron bunches in the storage
ring. Because the repetition rate of the measurement was ~1 kHz, only one bunch in the
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storage ring was used for the measurement. The filling pattern was set to be hybrid mode, in
which the high current electron bunch (3 mA) exists with lower current bunch train (see Fig.
5(a)). In the filling pattern, the pulse width of SR, which is determined by the electron bunch
length was ~40 ps (FWHM).
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Fig. 5. Time chart of the pulsed laser and X-ray SR irradiation for a snapshot measurement
with a time delay of .

The control technique of the timing delay, t, is also a key to make a stroboscopic
measurement. As the time-scale of completing the phase change is a microsecond, the large
delay is required, which is generally difficult to obtain with an optical delay. Thus, we
developed a high precision RF phase control delay circuit to scan the time delay without
degrading the precision (Fukuyama et al., 2008b). Figure 6 shows the photograph of the RF
phase control circuit, whose timing jitter between the output and the input RF signal is
about 3 ps (in rms), which was evaluated with a 16 GHz digital oscilloscope (Tanaka et al.,
2010). The timing control precision in the whole system was 8.4 ps (in rms), which was
estimated by time-resolved diffraction measurement using a fast lattice response of
semiconductor single crystal. Since the distribution of the crossing points is narrower than
the pulse width of the SR, the pump-probe system has a time resolution of < 40 ps.

Fig. 6. High precision RF phase control circuit. The circuit provides a delayed RF signal from
the output port with a precision of better than 3 ps (in rms) which is independent of the
delay time.
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2.2 Rotating stage for sample holder

Repetitive measurement is necessary when the diffraction intensity for one shot was too low
to obtain the profiles with high time resolution. Therefore the sample was rotated to give a
virgin sample for every measurement, as shown in Fig. 2. To perform 1 kHz-repetitive
measurement, the rotation speed of the disk and the laser beam size on the sample are
adjusted to satisfy the requirement of v (m/s) > f (Hz) - s (m), where the v, f, and s are the
moving speed of the disk, the repetition rate, and a beam diameter of the laser or X-rays,
respectively. In addition, an X-ray microbeam technique with a phase zone plate was
applied to achieve a few micron X-ray beam size, since the smaller beam gives a larger
number of data for one disk. The laser beam diameter on the sample was adjusted to be
about 30 pm in the moving direction with a 40 mm-focal lens. The parameters in the
experiment are summarized in Table 1, together with the parameters for 5 Hz-measurement
without X-ray microbeam (Fukuyama et al., 2008a) for comparison.

Repetition | Disk rotation Laser beam X-ray beam | Number of repetition
rate (Hz) speed (m/s) size (pm) size (pm) for one disk
1 x 103 8 x 102 30 3 1.8 x 106
5 5 x 103 300 50 3 x 104

Table 1. Optical parameters of the time-resolved X-ray diffraction measurement system.

Figure 7 shows the photograph of the DVD sample attached on a rotating stage. The
measurement with high repetition rate using microbeams enabled us to obtain a diffraction
intensity profile within an hour for one disk sample, and to get systematic data.
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Fig. 7. Photograph around the sample disk.

Beam

2.3 Optical reflectivity measurement system

On-line monitor system of the time profile of optical reflectivity was installed to check the
phase-change condition of the DVD sample. As shown in Fig. 7, a He-Ne laser beam was
guided through the transparent substrate onto the backside of the sample, since the
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clearance is too small on the right side due to a relatively shorter working distance of the
lens for the pump laser. The reflected light intensity was monitored through a beam splitter
with a photodiode having a response time of 10 ns, and the signal was stored in a digital
oscilloscope.

2.4 High-precision X-ray diffractometer

The intense X-ray beam produced from an undulator is guided to the sample through a
double curved mirror system, a pulse selector (rotating shutter), a Si(111) channel-cut
monochromator, and a high-precision diffractometer with a phase zone plate (ZP) focusing
system (Yasuda et al., 2008), as shown in Fig. 8. The ZP has the diameter of 100 pm, the
innermost zone radius of 5.0 pm, the outermost zone width of 250 nm, and the tantalum
thickness of 2.5 pm. The photon energy, E, and energy resolution, A E/E, tuned by the
channel-cut monochromator, were 15 keV, and ~10+4, respectively. The X-ray beam was
focused by the ZP, and the 1st order focused beam is only selected with the order sorting
aperture placed in front of the sample position. The beam size at the sample position was ~3
pm, evaluated by a knife edge scan method using Au meshes. The focused beam intensity
for one pulse at the sample position was ~10* photons/pulse, which is ~10-11 of the number
of photons for a second in the upstream of the pulse selector. As described in Table 1, the
total number of photons incident on the sample are then estimated to be ~101° photons for
one sample disk.

Fig. 8. Photograph of the X-ray pulse selector, the Si(111) channel-cut monochromator and
the high-precision diffractometer.

A curved imaging plate (IP) was employed to obtain an X-ray diffraction profile. The use of
an IP is advantageous in such longer exposure time as ~30 min in the present experiment.
To obtain one-dimensional diffraction profile, the signal intensity was integrated using the
full area of IP to compensate the smaller number of incident photons on the sample.
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2.5 Performance of the X-ray pinpoint structural measurement system for
investigation of optical recording process

Here we briefly summarize the X-ray pinpoint structural measurement system for
investigation of optical recording process (see Fig. 2). The time-resolution and time precision
are ~40 ps and £8.4 ps, respectively. The spatial resolution is determined by the area of the
laser beam of 30 pm, which is larger than the X-ray beam size of 3 pm. The maximum
repetition rate is 1 kHz, in which the fresh sample area on the rotating disk appears at the
irradiating position for every measurement. All parameters shown here are described in full
width at half maximum.

3. Time-resolved investigation of nanosecond crystal growth in rapid-phase-
change materials

Using the X-ray pinpoint structural measurement system described in previous section, we
investigated the crystallization process of GST and AIST (Fukuyama et al., 2008a), which are
thought to exhibit different crystallization behavior. To reveal the crystallization process of
the amorphous phase in these rapid-phase-change materials, it is necessary to know (i) the
time constants of both crystallization and optical reflectivity changes, and (ii) crystallization
behavior. We therefore employed avalanche photodiode (APD)/multi-channel scaling
(MCS) measurement with a time resolution of 3.2 ns coupled with optical reflectivity
measurement for (i) and imaging plate (IP)/pump-probe measurement of a time resolution
of 40 ps for (ii) as schematically shown in Fig. 9(a). Figure 9(b) shows the experimental
method and the time chart for pump-probe measurement using 40 ps X-ray pulses and
synchronous femtosecond laser pulses. The DVD samples were prepared by depositing GST
and AIST on a SiO; glass substrate (12 cm diameter and 0.6 mm thick) with a 2-nm-thick 80
mol% ZnS-20 mol% SiO, cap layer. The thickness of the sample was 300 nm, which gave
sufficient X-ray diffraction intensities for structure characterization and sufficient stability of
the amorphous phase to avoid spontaneous crystallization.

(a) (b) <«

, . 'y
APDMCS IP/Pump-Probe oy o a7
o W Yy

: pi t \\-:- N \
Diffraction Angle (20) bg‘
Fig. 9. (a) Schematic diagram of APD/MCS and IP/pump-probe measurement and (b)
scheme of DVD rotating system and the time chart of pump-probe measurement.

Figure 10 shows the time-profiles of the X-ray diffraction intensity of Bragg peaks (black
and blue lines) together with those of the optical reflectivity profiles (red lines) of (a) GST
and (b) AIST, respectively, measured by APD/MCS measurement. These show good
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accordance, which prove the close relation between the X-ray diffraction intensity and the
optical reflectivity of the phase-change materials, i.e.,, the structure and the electronic
properties.
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Fig. 10. Time-evolution of the optical reflectivity and X-ray diffraction intensity of (a) GST
and (b) AIST.

From the intensity profile measured by the APD/MCS method, the delay times, 7, were
determined for the IP/pump-probe method. Figure 11(a) shows the diffraction patterns
obtained from the IP/pump-probe method for a 40 ps snapshot. Since the intensity of each
diffraction peak has a uniform time-dependent increase, there is no crystal-crystal phase
transition in GST and AIST during the crystal growth. We estimated the grain sizes from the
line width of Bragg reflection, as shown in Fig. 11(b). In GST, the grain size is nearly
constant (=70 nm), while the grain size significantly increases up to 1 ps in AIST. It is
remarkable that the volume fraction of the crystal phase is almost saturated at 300 ns (see
Fig. 10). Thus these observations suggest the coalescence of the crystal domains after 300 ns.
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Fig. 11. (a) Snapshots of X-ray diffraction patterns and (b) the changes in peak width.

From the above experimental findings, we propose schematic models for the crystallization
processes of GST and AIST as shown in Fig. 12. In the case of GST, nucleation takes place in
the whole area in the amorphous phase after laser irradiation (A), and the number of newly
formed crystallites of 70 nm diameter increases during the cooling process until 300 ns (B-
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C). The crystal growth is then disturbed by the impingement of crystallites with each other
(D). Our schematic model is consistent with the nucleation-driven crystallization process
(Zaou et al., 2000).

Peak width

Cross section
TEM Image

Laserirradiation

Fig. 12. (a) Schematic models with TEM image for the crystallization processes in GST and
AIST.

On the other hand, the nuclei of AIST can immediately transform to smaller crystallites (<<
60 nm), which form domains (F). These domains are enlarged by edge-growth
crystallization (F-G) and the crystallites coalesce at the final stage (300 ns~) of crystallization
in AIST (G-H). These proposed schematic models are consistent with the TEM pictures, in
which GST has a grainy texture filled with 100-nm-size grains, whereas AIST has a fine
texture.

4. Nanosecond recrystallization dynamics in GST and AIST

To uncover recrystallization dynamics in GST and AIST at atomic level, we investigated the
atomic structure of the amorphous phase by using a combination of advanced synchrotron
radiation measurements (X-ray diffraction, EXAFS, HXPS) and reverse Monte Carlo
simulation (RMC)/density function theory (DF)-molecular dynamics (MD) simulations
(Matsunaga et al., 2011).

Figure 13 shows the structure factors S(Q) of AIST and GST obtained using X-ray
diffraction. The crystalline forms of both materials have sharp Bragg peaks (red lines), and
the amorphous forms (blue lines) have typical halo patterns. However, oscillations up to the
maximum Q value in a-AIST indicate a structure with well defined short-range order. The
total correlation functions T(r) for AIST and GST are shown in Fig. 14. The T(r) for
crystalline (c-) AIST and c-GST, which are very similar beyond 4 A. Small differences
between the two crystalline forms are found at shorter distances, for example the double
peak in c-AIST (2.93 A and 3.30 A) and a single peak in c-GST (2.97 A). The T(r) for the
amorphous materials, however, are significantly different: the first peak in amorphous (a-)
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AIST (2.86 A) is only slightly shorter than that found in c-AIST (2.93 A), whereas the first
peak in a-GST (2.79 A) is shorter than that in c-GST (2.97 A). We note also that the shoulder
on the second peak in a-AIST (3.50 A) is near that observed in the crystalline form (3.30 A).
The pronounced difference between the diffraction patterns of the two materials is strong
evidence that they crystallize differently. The atomic motion and/or diffusion
accompanying the phase change are larger in GST than in AIST, where the phase change is
accompanied by small changes in bond lengths.
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Fig. 13. Total structure factors, S(Q), for AIST and GST. Blue line, amorphous form; red line,
crystalline form.
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Atomic configurations for a-AIST and a-GST obtained from the RMC / DF-MD simulations
are shown in Fig. 15. It is found from the atomic configurations that the local environment of
the predominant element Sb (75%) is very similar to that in the crystal (A7, a distorted
octahedron) in AIST whereas large fraction of ABAB squares (manifested by ring) is
observed in a-GST.

AIST | GST

Fragment of
NaCl lattice

Fig. 15. Atomic configurations for a-AIST and a-GST obtained from the RMC / DE-MD
simulations. Ag, silver; In, magenta; Sb, blue; Te, yellow; Ge, red.

Figure 16(a) shows ring statistics in a-AIST and a-GST derived from the RMC/DF-MD
models which are consistent with the results of X-ray diffraction, EXAFS and HXPS
measurements. In a-GST, 40% of the rings are fourfold or sixfold, whereas the distribution in
a-AIST is much broader; the most common (fivefold) rings make up only 15% of the total.
On the basis of structural features mentioned above, possible phase-change schemes in both
materials are shown in Fig. 16(b). In a-AIST, it is suggested that a sequence of ring
reconstructions by way of bond interchanges results in sixfold rings with short Sb bonds
accompanied by small changes in the bond lengths, because RMC/DF-MD model for a-
AIST has locally distorted 3+3 octahedron, which resembles c-AIST. By contrast, many four-
and sixfold rings in a-GST act as nuclei for crystallization and require larger atomic
displacements than in a-AIST. Crystallization starts simultaneously from many such nuclei
in the amorphous mark (NaCl fragments) and lead to an aggregation of small crystal grains.
These features propose a “bond-interchange” model as the origin of “growth-dominated”
crystallization of a-AIST, whereas the large fraction of “crystalline nuclei” in a-GST is the
origin of the “nucleation-driven” crystallization in GST. The structural finding and possible
phase-change mechanism at atomic level obtained in this study is in line with the results of
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time resolved measurements mentioned above. A combination of advanced synchrotron
measurements and computer simulation has provided insight into the atomistic differences
between two phase-change materials, which is related to their different crystallization
mechanisms.
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Fig. 16. Ring statistics (a) and possible schemes for fast phase change (b) in a-AIST and a-
GST.

5. Conclusion

We described the detail of the X-ray pinpoint structural measurement system for
investigation of optical recording process. Furthermore, we showed the recent progress for
fully understanding the atomic structure of AIST and compare it to GST with the research
combined X-ray diffraction, EXAFS, HXPS measurements and computer simulations. These
demonstrated that the time resolved X-ray diffraction technique using SR is very powerful
for the structural investigation of crystal growth phenomena.
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