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We report effects of thermal annealing on the structures of Ge–Sb–Te �GST� nanoparticles
synthesized by pulsed laser ablation deposition. The average diameter of the GST nanoparticles is
an order of 10 nm. The as-prepared sample contains nanocrystals surrounded by an amorphous
phase. Further crystallization occurs during annealing. The structures of the nanocrystals and
amorphous phase were studied by electron diffraction and radial distribution function analyses. The
results show that the nanoparticles annealed at 100 °C are crystalline, consisting of a mixture of
face centered cubic �fcc� and hexagonal Ge2Sb2Te5 �dominant�. In comparison, the nanoparticles
annealed at 200 °C are mostly fcc. The surrounding amorphous phase has similar atomic
arrangements to the previously reported amorphous GST thin films. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2752550�

I. INTRODUCTION

Chalcogenide materials have high crystallization rate,
high thermal stability, and good reversibility between amor-
phous and crystalline phases. They are widely used as optical
disk storage materials. Recently, chalcogenides have at-
tracted considerable interest as the material for nonvolatile
phase change random access memory �PCRAM�. Studies so
far have shown that Ge2Sb2Te5 �GST� has the best combina-
tion of electric and phase changing characteristics for
PCRAM applications.1–3 The structure of a GST material is
critical to its performance. Luo and Wuttig pointed out that
the rocksalt structure is preferred in high-speed phase change
materials, since it enables fast crystallization due to its
simplicity.4 In GST, the electrical resistivity changes drasti-
cally when the structure changes from amorphous to the
metastable face-centered cubic �fcc� structure at 140 °C, and
from the FCC to the stable hexagonal structure at 370 °C.5

For PCRAM applications, fast and reversible phase
transformation is obtained by Joule heating using electrical
pulses. The application of a current with a high magnitude
and a fast falling edge leads to amorphization through the
processes of melting followed by quenching �reset�, while a
current with a long and moderate magnitude induces crystal-
lization by the annealing process in the PCRAM �set�.6,7 The

scalability of memory capacity depends on how one can ef-
fectively reduce the critical reset currents required for
switching from the crystalline to amorphous phase. There
have been several proposals for the reduction of the reset
current.8–10 One approach is to replace GST nanoparticles
with the case where thin films are conventionally used.11,12

However, there is little structural information about these
nanoparticles, especially regarding their structural phases.

Herein, we report the structure characterization of GST
nanoparticles synthesized by pulsed laser ablation. These
particles show a reduction of the reset current by a factor of
1000 compared with that of conventional GST films.13,14 We
investigated the structure of both the amorphous and crystal
phases of the GST nanoparticles, using the nanoarea electron
diffraction �NED� technique.15 Radial distribution function
�RDF� analyses using NED patterns were performed to iden-
tify the local structural changes in the amorphous phase.

II. EXPERIMENT

A sintered GST target of high density was used for laser
ablation. The GST nanoparticles were prepared using an ArF
�=193 nm� excimer pulsed laser. The laser pulse rate and
pulse width were 5 Hz and 20 ns, respectively. The GST
nanoparticles were grown on KCl or NaCl crystals in an Ar
atmosphere and then thermally treated in a heating furnace at
100 or 200 °C. The nanoparticles were previously character-
ized by secondary electron microscopy �SEM� and Raman
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spectroscopy.16 In this study, the samples were studied using
the JEOL-2010F transmission electron microscope installed
at the University of Illinois and operated at 200 kV. Electron
diffraction measurements of the nanoparticles were carried
out in the NED mode with an electron probe having a diam-
eter of 50 nm. The use of a small probe allows for the selec-
tion of a thin area for the electron diffraction analysis. Both
the amorphous phase and nanoparticles were included within
the area of the electron probe. Imaging plates with a large
dynamic range and linearity were used to record the NED
patterns, and the intensity was analyzed to extract structural
information. X-ray energy dispersive spectroscopy �EDS�
was used to check the composition of the nanoparticles, and
the results obtained confirmed the stoichiometry of the
Ge2Sb2Te5.13 The diffraction patterns were recorded from
several areas in each sample. Each area contained a few to
several tens of nanoparticles.

III. RESULTS AND DISCUSSION

We first review the different crystal structures of GST.
The face centered cubic �fcc� GST has a rocksalt structure,
with the space group Fm-3m and a lattice constant of

6.01 Å.17 There are two sites in the rocksalt structure: one
site is fully occupied by Te, and the other site is randomly
occupied by Ge or Sb or vacancy. The number of vacancies
represents about 20% of the Ge/Sb sites. The structure of the
stable hexagonal GST is complex; it consists of nine layers,
with each layer containing one of the three atoms in the GST.
The stacking sequence of Te–Sb–Te–Ge–Te–Te–Ge–Te–Sb
reported by Petrov et al. is shown in Fig. 1.18 The layers
follow the fcc close-packing sequence, abcabc. . ., with
atomic positions of �0,0 ,z1� in a, �2/3 ,1 /3 ,z2� in b, and
�1/3 ,2 /3 ,z3� in c. The lattice constants of this structure are
a=4.22 Å and c=16.96 Å. The recent publication by Kooi
and De Hosson19 suggested the stacking order of Te–Ge–Te–
Sb–Te–Te–Sb–Te–Ge, where the positions of Ge and Sb are
interchanged and the lattice constants are a=4.25 Å and c
=18.27 Å. Their results were based on electron diffraction.
Matsunaga et al. suggested another structure consisting of
randomly occupied Ge and Sb layers with the lattice con-
stants a=4.22 Å and c=17.24 Å.20

The samples are composed of both amorphous and crys-
tal phases. The size of the nanoparticles does not depend
much on the annealing temperatures. The nanoparticle diam-
eters range from 5 to 25 nm.13,16 Figure 2 shows representa-
tive high-resolution transmission electron microscopy �HR-
TEM� images recorded from the three samples �group I
without annealing, group II with annealing at 100 °C, and
group III with annealing at 200 °C�. The nanoparticles are
approximately spherical and surrounded by an amorphous
phase. Examples of the electron diffraction patterns recorded
from the three samples are shown in Fig. 3. These diffraction
patterns were recorded from areas with a large concentration
of nanoparticles; each diffraction pattern was captured from
a few tens of nanoparticles. The diffraction patterns consist
of hazy rings from the amorphous phase and relatively sharp
diffraction spots from the nanocrystals. The diffraction spots
are generally sparse and weak in the as-prepared samples
�group I� and relative dense and strong in the annealed
samples, which indicates an increase in both the crystallite
density and size.

FIG. 1. Atomic structures of Ge2Sb2Te5. �Left� The face centered cubic
rocksalt structure and �right� the hexagonal structure.

FIG. 2. High-resolution transmission electron microscopy �HREM� images of the three samples of Ge2Sb2Te5 nanoparticles synthesized �a� at room
temperature, �b� at 100 °C and �c� at 200 °C.
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To identify the structural phases in the nanoparticles, we
averaged the diffraction patterns to obtain the radial diffrac-
tion intensities �Fig. 4�. Each figure shows three radial dif-
fraction intensities from three different areas for the purpose
of comparison. Among these figures, the solid curves in Fig.

4 were obtained from the diffraction pattern shown in Fig. 3.
The scattering vectors defined by s=sin��B� /�, where �B is
the Bragg angle and � is a wavelength of incident electrons
accelerated at 200 kV, are listed in the Table I. The radial
intensity profile was useful for identifying the dominant
phases in the nanoparticles. Some of the weak diffraction
spots which can be seen in the diffraction patterns are miss-
ing in the radial profile.

The major diffraction peaks observed in the sample an-
nealed at 200 °C can be indexed based on the rocksalt struc-
ture with a=6.01 Å. The strong peak observed in the sample
is from the �200� planes, which are used as a reference for
indexing the diffraction peaks in Table I. The values of s
=sin��B� /� measured from the diffraction peaks show excel-
lent correspondence with the fcc structure, except for the
weak peak at d=2.2 Å which comes from a few diffraction
spots we saw in the recorded diffraction patterns. �This peak
is indicated by the dashed arrow in Fig. 3�c�.� This peak does
not fit with the rocksalt structure of Ge2Sb2Te5. Similar dif-
fraction spots are also found in other areas of the sample.
Thus, the frequency of occurrence is not negligible. The d
=2.2 Å peak is close to the position of the �106� reflection of
the hexagonal Ge2Sb2Te5. These peaks are very strong in the
sample annealed at 100 °C, as described in the next para-
graph. The existence of the hexagonal �106� reflection thus
indicates the minor presence of the hexagonal phase at this
annealing temperature.

The diffraction patterns obtained from the sample an-
nealed at 100 °C, on the other hand, show substantial dis-
crepancies with the fcc structure. More diffraction peaks
were observed than for the group III samples. The spots at
d=2.2 Å, which appeared weakly in the group III samples,
are now a major diffraction peak, as shown in Fig. 4�b�. To
index the diffraction pattern, we calculated the d-spacing ra-
tios using the strong �103� peak as the reference, and they are
shown in Table II. Overall, the d-spacing ratios are in close
agreement with the stable hexagonal structure �see Fig. 4�b�
and Table II�. The agreement of the measured d spacings
�d=1/2s, s values are listed in the table� with the calculated
ones based on the hexagonal structure of a=4.2 Å and c
=16.96 Å,16 however, is not as good as that which was ob-
tained for the sample annealed at 200 °C or that for the fcc
structure. Better agreement is obtained if we expand the lat-
tice constants by 6%, while keeping the a /c ratio constant.

FIG. 3. Electron diffraction patterns of the three samples of Ge2Sb2Te5

nanoparticles synthesized �a� at room temperature, �b� at 100 °C and �c� at
200 °C. The diffraction pattern consists of hazy rings from the amorphous
phase and diffraction spots from the nanocrystals.

FIG. 4. Diffraction peaks from samples annealed at �a� 200 °C and �b�
100 °C with the simulated peaks of fcc and hexagonal Ge2Sb2Te5. The x
axis represents the scattering vector, defined by sin��B�� where �B is the
Bragg angle and � is the wavelength of incident electrons accelerated at
200 kV.

TABLE I. Experimentally observed d spacings of nanoparticles and theo-
retical d spacings of fcc Ge2Sb2Te5. The d spacing is related to the scattering
vector as d=� / �2 sin��B��=1/ �2s�.

fcc Ge2Sb2Te5 Group III �200 °C�

�hkl� sin � /� sin � /�

�111� 0.144 0.144
�200� 0.166 0.166

0.216
�220� 0.235 0.236
�311� 0.276 0.277
�222� 0.288 0.289
�400� 0.333 0.333
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This is shown in Fig. 4�b�. We have also tried two other
reported lattice constants19,20 but the agreement did not im-
prove.

In the sample annealed at 100 °C, the strong fcc �200�
peak and the fcc �220� peak are also observed. This indicates
the coexistence of the fcc and hexagonal phases at this pro-
cessing temperature. The other discrepancy we observed
with the hexagonal structure is the spots at the scattering
vector corresponding to d=3.8 Å at the position of the hex-
agonal �100� peak. However, no other �h00� peaks with
larger calculated structure factors are present in the diffrac-
tion patterns, so it is not clear whether the peak at d
=3.8 Å can be indexed as hexagonal �100� nor can we rule
out the possibility that this peak comes from a minor phase.21

Figure 5 shows the reduced RDF obtained from each
sample. The radial distribution function gives the distance
correlation between a pair of atoms. According to Ref. 22,
the RDF is calculated by

rG�r� = 4�r2���r� − �0� =
2r

�
�

0

�

S� I�S�
Nf2 − 1	sin rSdS ,

�1�

where ��r� is the reduced density, which corresponds to the
number of atoms per unit volume at a distance r from the

reference atom, and 4�r2��r�dr is the number of atoms con-
tained in a spherical shell of radius r and thickness dr. The
other quantities involved in Eq. �1� are �0, which is the av-
erage density of atoms in the sample, S=4� sin � /�, I�S� the
recorded electron diffraction intensity minus the inelastic
background, and N the normalization factor. 
f� is the aver-
aged atomic scattering factor given by 
f�=�iciKif , where
the assumption is made that the atomic scattering is propor-
tional to the atomic number. The value of f is determined
from 
f2�=�icif i

2=�iciKi
2f2 and f i=�ici0

�4�r2Vi�r�
��sin Sr /Sr�dr where V is the atomic potential and ci the
concentration. The RDF provides information on the dis-
tances between the atoms, as well as the averaged coordina-
tion numbers. The results of the RDF analysis are shown in
Fig. 5. The diffraction patterns used for the RDF analysis
were recorded by minimizing the contribution from the
nanocrystals. The main diffraction spots from the nanocrys-
tals were deleted from the diffraction patterns before the
RDF analysis. The accuracy of the RDF analysis was
checked by comparing the results from two different areas of
the samples. The peak shapes and intensities are similar and
the peak positions are reproducible within a distance of
0.1 Å. The method itself was tested in the analysis of other
amorphous structures.23 The first nearest neighbor distances
are similar for the as-prepared film and the film annealed at
100 °C, with the film annealed at 200 °C showing a slightly
larger distance. This agrees with the previously reported ex-
tended X-ray absorption fine structure �EXAFS� results of an
amorphous GST film.24 Kolobov et al. showed that the bond-
ing distance in the amorphous area is shorter than that in the
fcc crystalline area. Considering that the samples in group III
have a more highly crystalline phase, a small shift of the first
peak toward the crystalline value in group III is reasonable.

The next peak at �4.1 Å in all three groups is associated
with the short Te–Te bonding, whose length is 4.27 Å in the
case of the fcc or 4.2 Å in the case of the hexagonal struc-
ture. After this peak, there are significant differences in both
the peak position and shape. In the case of the fcc structure,
peaks at 5.2, 6.2, and 6.9 Å are expected. The last two are
observed experimentally in the annealed samples. A some-
what shorter distance of 4.9 Å is observed in the samples
annealed at 200 °C. Thus, by comparing these structures
with the amorphous ones, it can be inferred that the nanopar-

TABLE II. Experimentally observed d spacings of nanoparticles and theo-
retical d spacings of hexagonal Ge2Sb2Te5. The lattice constants for the
hexagonal structure used in the table are a=4.2 Å and c=16.96 Å �Ref. 18�.
The listed reflections have relatively large structure factors except for �100�
in the hexagonal structure. The d spacing is related to the scattering vector
as d=� / �2 sin��B��=1/ �2s�. The hexagonal �103� reflection is used as the
reference to calculate the d-spacing ratios which are then used for indexing.

Hexagonal Ge2Sb2Te5 Group II �100 °C�

�hkl� sin � /� d�103� /d�hkl� Scattering vector d�103� /d�hkl�

�100� 0.137 0.840 0.132 0.84
�103� 0.163 1.000 0.157 1.00

0.166 1.06
�106� 0.223 1.371 0.215 1.37
�110� 0.238 1.457 0.226 1.44
�107� 0.248 1.517 0.237 1.51
�009� 0.265 1.623 0.257 1.64
�203� 0.289 1.767 0.276 1.76

FIG. 5. Radial distribution functions
calculated from the experimental dif-
fraction patterns of the Ge2Sb2Te5

nanoparticles �a� as-prepared at room
temperature and annealed at �b�
100 °C and �c� 200 °C.
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ticles in the group III samples are crystallized mostly with
the fcc Ge2Sb2Te5 structure, and the surrounding amorphous
phase has similar short range atomic arrangements as these
crystalline phases.

Apart from the major peaks identified above, unexpected
shoulders are also observed, especially in the as-prepared
sample and the sample annealed at 100 °C. For example, the
shoulder at 3.4 Å is reproducible. There is a similar Te–Te
bonding distance near the center in the hexagonal structures,
which was reported to be 3.61 Å �Ref. 18� or 3.75 Å.20 The
intensities of these peaks can vary in different areas.

IV. CONCLUSIONS

In summary, the structures of the as-prepared GST nano-
particles and those annealed at 100 and 200 °C were studied
by electron diffraction. The first and second nearest neighbor
distances of the amorphous structures of the group III
samples are almost the same as those reported by Kolobov et
al. while the second peaks in groups I and II samples are
somewhat different from those reported in a previous
publication.24 The hexagonal structure is dominant in the
sample annealed at 100 °C. A substantial amount of the fcc
structure as the second phase is also observed in this sample.
In comparison, most of the nanocrystals annealed at 200 °C
have the fcc Ge2Sb2Te5 structure and only a very small frac-
tion of hexagonal Ge2Sb2Te5 is observed.
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