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ABSTRACT

We have determined the structure of amorphous Ge,Sb,Tes by combining DFT/MD simulations and reverse
Monte Carlo techniques to obtain a structural model that reproduces both x-ray diffraction and x-ray photoelectron
spectroscopy data. There are many 4-fold rings in the atomic configuration of the amorphous phase, and we suggest
that these rings can be nuclei for crystallization. Furthermore, time-resolved x-ray diffraction measurements combined
with photoreflectivity measurements on the crystallization process of the amorphous phase suggest that the
crystallization process of Ge,Sb,Tes can be explained by a nucleation-driven process. We propose that the presence of
many 4-fold rings is the reason for the rapid crystallization in Ge,Sb,Tes with a nucleation-driven process.
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1. INTRODUCTION

Phase-change materials, which utilize the melt-quenching (amorphization for record) and annealing
(crystallization for erase) processes of chalcogenide materials, are essential to the development of information
technologies. The application of reversible amorphous—crystal phase changes for memory devices was proposed by
Ovshinsky in the 1960’s, where a memory switch can be generated on the basis of changes in the electrical properties
of these phases in chalcogenide materials.” The development of Ge-Sb-Te” system and Ag-In-Sb-Te” system has
allowed the development and production of rewritable compact discs (CDs), DVDs, and Blu-ray discs. Phase-change
materials are now well-established media, but the rapid phase-change mechanism and the 3-dimensional atomic
configuration in the amorphous phase are still unclear.

Structure of amorphous Ge,Sb,Tes (a-Ge,Sb,Tes) has been widely studied by diffraction,*” spectroscopy,g'm) and

theoretical simulations,'"™"® particularly after the landmark study of Kolobov ef al,®’ but the details of the structure
remain controversial. We have studied the structure of a-Ge,Sb,Tes by a combination of high-energy x-ray diffraction,
reverse Monte Carlo (RMC) modelling,é) and DFT/MD simulation'® and found large fractions of 4-fold and 6-fold
rings in the atomic configuration. The bond angle distributions exhibit a peak at approximately 90°, corresponding to
that in the crystal phase. Furthermore, we have combined time-resolved x-ray diffraction measurement with
photoreflectivity measurement and found that Ge,Sb,Tes exhibits a three-stage crystallization process,m which
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Agjs5In; §SbysgTe 77 does not show.'® Here we compare the structure of a-Ge,Sb,Tes obtained by RMC modelling
and density-functional theory (DFT) / molecular dynamics (MD) simulation and refine the structure to reproduce both
x-ray diffraction and x-ray photoelectron spectroscopy (XPS) data."” The structural origin of the rapid crystallization
process in Ge,Sb,Tes is discussed on the basis of the amorphous structure and crystallization behavior.

2. EXPERIMENTS
2.1 Sample preparation

The specimen for high-energy x-ray diffraction experiments were made by laminating an organic film sheet on a
glass disc with a diameter of 120 mm and sputtering to form the recording film with a thickness of 200 - 500 nm. The
organic film was scratched from the glass disc, and the specimen was removed from the glass substrate using a
spatula. The composition of the sample was examined by inductively coupled plasma atomic emission spectrometry.
The 300-nm thick samples for time-resolved x-ray diffraction experiments were prepared by depositing Ge,Sb,Tes on
a Si0, glass substrate (12 cm diameter and 0.6 mm thick) with a 2-nm thick 80 mol% ZnS—20 mol% SiO, cap layer.

2.2 High-energy x-ray diffraction experiment

The high-energy x-ray diffraction experiments were carried out at the high-energy x-ray diffraction beamline
BL04B2*”. The diffraction patterns of powder sample in a thin walled (10 um) tube of 1 mm diameter (supplier:
GLAS Miiller, D-13503 Berlin) and an empty tube were measured in a transmission geometry. The collected data
were corrected using standard programs,zo) and these data were normalized to give the total structure factor S(Q).

2.3 Time-resolved x-ray diffraction experiment

The time-resolved x-ray diffraction measurements were performed on a-Ge,Sb,Tes at the BL40XU beamline,m in
order to reveal the crystallization process of the amorphous phase. We measured (i) the time constants of both
crystallization and optical reflectivity changes, and (ii) the crystallization behavior. We employed avalanche
photodiode (APD)/multi-channel scaling (MCS) measurements, with a time resolution of 3.2 ns, coupled with
photoreflectivity measurement for (i) and imaging plate (IP)/pump—probe measurement of a time resolution of 40 ps
for (ii). The details of the time-resolved measurement are given in ref. 18.

2.4 DFT/MD simulation and structure refinement by RMC modelling

The DFT/MD calculations were performed with the CPMD package.n) In this study we use for the exchange-
correlation energy the approximation of Tao et al. (TPSS),” which was developed to improve results obtained with
generalized gradient approximations. The initial structure was based on that of crystalline Ge,Sb,Tes (NaCl-type
structure) with 460 atoms and 52 vacancies, and the starting temperature was 3000 K. The long simulation time (300
ps) is essential for a realistic description of the number of “wrong bonds” (i.e., bonds that do not occur in the
crystalline phase), whose number decreases steadily as the temperature is lowered.

Structural refinements by RMC modelling were carried out using the RMC++ code,” which allows us to apply
bond angle constraints. The DFT/MD optimized configuration was used as an initial configuration in the RMC
refinement. A cutoff distance of 3.2 A is used to analyze bond angles and ring distributions.
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3. RESULTS & DISCUSSION

3.1 The refined structure of a-Ge,Sb,Tes obtained by a combination of DFT/MD simulation and RMC
modelling

First, we calculated the total pair distribution function g(r) from the DFT/MD model'” and x-ray photoelectron
spectroscopy (XPS) valence-band spectrum from the RMC model,” which were not calculated in our initial study.'”
The total structure factor S(Q) and pair distribution function g(») obtained by high-energy x-ray diffraction (HEXRD)
experimenta are shown in Fig. 1, together with the results of DFT/MD simulation. The S(Q) calculated from the
DFT/MD simulation shows relatively good agreement with the experimental data due to the use of a large simulation
box. However, the bond length of the first correlation peak in g(») calculated from the DFT/MD simulation is much
greater than in the experiment. In particular, the partial pair distributions g;(r) calculated from the DFT/MD model
suggest that the Ge-Te correlation length in the DFT/MD model is longer than the experimental value. The
experimental XPS valence-band spectrumlo) and the spectrum calculated from the RMC model are shown in Fig. 2. It
is obvious that the RMC model does not show a band gap in the spectrum, suggesting that the RMC optimized
configuration does not describe the electronic structure in the amorphous phase correctly.

(@) (b)

3

[}
T

— HEXRD —— HEXRD
— DFI/MD —DFT/MD

S(0)

T
8(r)

0O
s P IS S S S I " 1 L 1

0 5 10 15 3 4 5
Q (A r(A)

~

Fig. 1. Total structure factor S(Q) (a) and pair distribution function g(r) (b) of the
DFT/MD model for a-Ge,Sb,Tes.

Since we had found problems with both the RMC and DFT/MD
models, we refined the structure by combining RMC modelling and
DFT/MD simulations. The RMC refinement was carried out using the
x-ray S(Q) and the DFT/MD optimized configuration as the initial
configuration, with the maximum movement for any atom at each MC
step of 0.14 A. After a one minute RMC simulation, the agreement
between experimental data and the refined RMC-DFT/MD model was
excellent. However, the XPS valence-band spectrum calculated from
the refined structure did not show a band gap. To clarify the structural
difference between the DFT/MD model and RMC-DFT/MD model,
we show the bond angle distributions of Te-Ge-Te and Te-Sb-Te in - -
Fig. 3. Both the DFT/MD model (initial configuration for the RMC Energy (eV)
modelling) and the RMC refined model exhibit a peak at Fig. 2. XPS valence-band spectrum of
approximately 90°, but the peak is very broad and has a tail to the the RMC model for a-Ge,SbyTes.
large angle region in the refined RMC-DFT/MD model. Such a
feature can be seen in the result of another RMC study using two

DOS (1/ev)

Experimental data are  displaced
downward for clarity.
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diffraction and three EXAFS data sets,” because RMC can find structures that are consistent with experimental data
on most disordered systems.zs)

To overcome this problem, the bond angle distributions were constrained in the RMC refinement. The total
structure factor S(Q) and pair distribution function g(r) calculated from the refined RMC model are shown in Fig. 4.
As can be seen in Fig. 4(a), the agreement between the experimental data and the RMC-DFT/MD is excellent up to
maximum Q value of 20 A™. The g(r) calculated from the refined RMC-DFT/MD model also shows good agreement
with experimental data. Figure 5 shows the experimental XPS valence-band spectrum and the spectrum calculated
from the RMC-DFT/MD model. Our final refined model has a band gap and agrees well with the experimental data.
The ring statistics calculated up to 12-fold rings of the refined RMC-DFT/MD model are shown in Fig. 6. The final
structure shows a significant number of 4-fold rings with ABAB alternation (4: Ge, Sb; B: Te).
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Fig. 3. Bond angle distribution of a-Ge,Sb,Tes.
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Fig. 4. Total structure factor S(Q) (a) and pair distribution function g(») (b)
of the RMC-DFT/MD model for a-Ge,Sb,Tes.
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Fig. 5. XPS valence-band spectrum of the Fig. 6. Ring statistics of the RMC-
RMC-DFT/MD model for a-Ge,Sb,Tes. DFT/MD model for a-Ge,Sb,Tes.

Experimental data are displaced downward
for clarity.

3.2 Time-resolved x-ray diffraction experiment and the mechanism of the rapid phase change

To investigate the crystallization behavior of a-Ge,Sb,Tes, we have studied the time-evolution of x-ray diffraction
pattern combined with photoreflectivity measurements on Ge,Sb,Tes.'"® The time-resolved x-ray diffraction pattern
and photoreflectivity profile of 300-nm-thick Ge,Sb,Tes
sample are shown in Fig. 7. Both profiles exhibit a rapid

o
FS

increase in the photoreflectivity between 100 and 200 ns. & 1100
Wei and Ganreported the change in photoreflectivity of a % 0.3 S
30 nm-thick Ge,Sb,Tes film deposited by dc-magnetron % : ?,,
sputtering and found three stages for the crystallization: an = 0.2 2 §
onset stage (~40 ns), a nucleation stage (~120 ns), and a =z § ;
growth stage (~140 ns).'” These stages can be observed in % e 5 %
the photoreflectivity profile of Ge,Sb,Tes; an onset stage % 0 T i’ E
of ~100 ns, a nucleation stage of ~200 ns and a growth § :%gg lo ;3
stage, as indicated by arrows. § 0.1 T reflectivity

To obtain more information about the phase-change 02— . .

0 200 400

process, we have analyzed the time resolved x-ray
diffraction profiles (Fig. 7). As can be seen there, the x-
ray diffraction intensity profiles of all Bragg peaks are
consistent with the photoreflectivity profiles. To estimate
the time constant, the x-ray diffraction data of 200 Bragg measurement. Photoreflectivity profiles were measured
peak were fitted by a linear function, and the times which  from the right and rear sides of the discs. The profile
the function exhibits 0 and 100 % of diffraction intensity from the rear side is almost the same as that of the r]ght
change were defined as “start” and “end”, respectively: side except for a negative peak at approximately 20 ns.
the start and the end times are 90 (1) and 273 (1) ns, The changes in relative diffraction intensity were
respectively. The diffraction intensity increases and normalized by the intensity at 5 us. The grey arrows
saturates at approximately 300 ns, indicating that indicate the boundary of the three stages discussed in
crystallization of a-Ge,Sb,Tes is almost complete within Ref. 17.

Time (ns)

Fig. 7.  Photoreflectivity and time resolved x-ray
diffraction profiles of Ge,Sb,Tes; obtained by APD/MCS
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that time. Consequently, although the thickness of the sample in our study is greater than that in commercially
available devices, our results are evidence of a strong relationship between x-ray diffraction intensity and the
photoreflectivity of the phase-change materials, i.e., the structure and the electronic properties.

From the intensity profile measured by the APD/MCS method, the delay times t were determined for the
[P/pump-probe method, and figure 8(a) shows the diffraction patterns obtained for a 40 ps snapshot using this method.
Since the intensity of each diffraction peak increases uniformly with time,, there is no crystal-crystal phase transition
during the crystal growth. However, the positions of the diffraction peaks shift to a higher angle, corresponding to a
lattice parameter shrinkage of about 1 %, due to the time-dependent temperature decrease. Furthermore, the peak
width for the 200 reflection is almost constant during crystallization, as shown in Fig. 8(b), indicating that the grain
sizes do not change after 100 ns.
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Fig. 8. (a) Time dependent x-ray diffraction patterns of Ge,Sb,Tes obtained by
the IP/pump-probe method. (b) Changes in peak width for the 200 reflection of
Ge,Sb,Tes. The inset shows close-ups of the 200 reflection peaks. The positions
of the Bragg peaks calculated by curve fitting were offset to zero for clarity.

From the above experimental findings, we propose the following model for crystallization in Ge,Sb,Tes.
Nucleation takes place in the whole area in the amorphous phase after laser irradiation, and the number of newly
formed crystallites increases during the cooling process until 300 ns. The crystal growth is then disturbed when the
crystallites impinge on each other. This model is consistent with the nucleation-driven crystallization process
discussed in ref. 26. Furthermore, we stress that the large number of 4-fold ring found show 4BAB alternation (4: Ge,
Sb; B: Te) in the amorphous structure obtained by RMC-DFT/MD simulation. These units are also present in the NaCl
lattice of the crystalline phase and can be viewed as essential for rapid crystallization.

4. CONCLUSION

We have performed synchrotron x-ray diffraction experiment on amorphous Ge,Sb,Tes and a time-resolved
synchrotron x-ray diffraction on the crystallization of amorphous Ge,Sb,Tes Our goal has been to obtain information
about the rapid phase-change mechanism in this material. The refined structure obtained by RMC-DFT/MD
simulation for amorphous Ge,Sb,Tes agrees very well with both high-energy x-ray diffraction and x-ray photoelectron
spectroscopy data and possesses numerous 4-fold rings comprising ABAB alternation (4: Ge, Sb; B: Te). We propose
that they behave as nuclei in the rapid phase-change to the NaCl crystalline phase. A combination of time-resolved x-
ray diffraction and photoreflectivity measurements has revealed that crystallization of amorphous Ge,Sb,Tes can be
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explained by a nucleation-driven process, and we conclude that many such nuclei in a thin amorphous film form the
basis of rapid nucleation driven crystallization.
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