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Microstructural properties of GeTe thin films were investigated by an in sifu heating method within
a high voltage electron microscope (HVEM). The results confirm that the transformation from an
amorphous state to a fcc crystalline state yields a GeTe binary alloy with a ring-shaped amorphous
structure. The fcc structured GeTe transforms into a GeTe orthorhombic structure during the
experiment. The crystallization behavior of the GeTe orthorhombic structure in the HVEM is quite
different from thermal crystallization. Our observation of real-time structural change confirms that
the relaxed amorphous structure participates in the crystallization process in the electron beam
irradiation condition. © 2008 American Institute of Physics. [DOI: 10.1063/1.2919048]

Binary and ternary chalcogenide materials containing at
least one of S, Se, and Te show fast and repeatable transitions
from an amorphous state to a crystalline, and vice versa. Of
these materials, the GeTe binary is the base material for mak-
ing Ge,Sb,Tes, which is known as the best material for
phase change random access memory devices.'™® Hence,
many researches have focused on the microstructural charac-
teristics of GeTe-based materials. In particular, to find the
reason for the fast crystallization, they have focused on the
structural relation between the amorphous state and the crys-
talline state. Even though this type of research is valuable, it
does not represent the real space atomic arrangement. Re-
cently, transmission electron microscopy (TEM) studies have
investigated the microstructural characteristics of GeTe-
based materials.”® However, they do not show the structural
changes in real time during the phase transformation. We
think that high voltage electron microscopy (HVEM) is an
appropriate method because it can be used to analyze, on a
local scale, any real-time structural change with a high
atomic resolution. Moreover, HVEM enables the crystalliza-
tion characteristics to be observed under a condition of high
electron beam energy. As for the Te-based chalcogenide ma-
terials, several attempts have been made to study crystalliza-
tion characteristics under a condition of electron beam irra-
diation. However, few high-resolution TEM (HRTEM)
studies have investigated the atomic arrangement of Te-based
chalcogenide materials on an atomic level. Our focus is on
the crystal structure and atomic arrangement of GeTe thin
film. In addition, we concentrate on the way the GeTe alloy
is transformed from an amorphous structure to a crystal
structure under a condition of electron irradiation.

An amorphous GeTe thin film with a thickness of
200 nm was deposited by rf magnetron sputtering method
on a SiO,/Si (001) substrate. The deposition rate was
70 nm/min for the sputtering of a 99.99% GeTe single target
in Ar gas with the rf power of 50 W and gas pressure of
1.5 mTorr. A cross-sectional TEM specimen was prepared by
mechanical polishing, namely, tripod polishing and dimple
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grinding, followed by ion milling with Ar ions. The ion mill-
ing was performed together with liquid nitrogen cooling to
prevent crystallization. The rapid thermal annealing (RTA)
process was carried out at 450 °C for 1 min, with a N, am-
bient condition. For the HVEM atomic resolution images, we
used a JEM-ARMI1300S model microscope (Jeol Ltd.) at
1250 kV and a JEOL JEM-2000EX model microscope at
200 kV. The cross-sectional TEM specimen was heated
in situ in the HVEM at 450 °C. A fast-Fourier transform
(FFT) image of the atomic arrangement was obtained with
Gatan Digital Micrograph (Version 3.7.4).

Figures 1(a) and 1(b) show a cross-sectional bright field
TEM image and a selected area electron diffraction (SAED)
pattern of the GeTe thin film observed with a 200 kV beam
after RTA heat treatment at 450 °C for 1 min. The image
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FIG. 1. 200 kV TEM results of the GeTe thin film annealed at 450 °C for
1 min. (a) The cross-sectional bright field TEM image and (b) the SAED
pattern. (c) The magnified HRTEM image of GeTe thin film and (d) its FFT
image.
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FIG. 2. (a) The magnified HRTEM image of GeTe thin film in sifu annealed
in the HVEM at 450 °C for 1 min. (b) The magnified HRTEM image of
GeTe thin film in situ annealed in a HVEM at 450 °C for 5 min at the same
specimen position in (a).

shows that the GeTe thin film was crystallized with a grain
size of approximately 50 nm over the entire film. Note also
that the SAED pattern of the polycrystalline GeTe corre-
sponds to a face centered cubic (fcc) lattice with a lattice
constant of 6.0 A.” The fcc structured GeTe is confirmed
again by the magnified HRTEM and FFT images in Figs.
1(c) and 1(d). To identify the lattice image more precisely,
we obtained the HRTEM image and the SAED patterns of
the GeTe at 1250 kV, where the resolution is 1.2 A. This
image is shown in Fig. 2(a).

Figure 2(a) shows a magnified HRTEM image of the
GeTe thin film annealed in sifu at 450 °C for 1 min in the
HVEM. The interplanar distance and angular relation indi-
cate that this material is fcc structured GeTe viewed along
the [001] direction. One noticeable thing is that the amor-
phous region adjacent to the GeTe fcc structure is ring
shaped. In the amorphous region, atoms are arranged along
one direction. They are not straight but slightly distorted.
Furthermore, the distance between the arranged atoms is
nearly the same as that of the (200) or (020) interplanar
spacing of the fcc structured GeTe. We therefore think that
the fcc structured GeTe originates from the ring-shaped
amorphous structure, which has a similar atomic arrange-
ment as the crystalline state.

With regard to the GeTe amorphous structure, Kohara
et al."’ proposed a network ring structure of amorphous
Ge,Sb,Tes and GeTe by means of a reverse Monte Carlo
simulation. They suggested that the ring-shaped amorphous
structure of Ge,Sb,Tes and GeTe, which is very similar to
the fcc lattice, is the reason for the fast crystallization. Actu-
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FIG. 3. Schematic presentation for the atomic arrangement of the amor-
phous and fcc structured GeTe based on Fig. 2(a).
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FIG. 4. HRTEM images of the GeTe thin film in the HVEM. Each image is
successively observed at 10 s intervals in the same specimen position.

ally, GeTe shows a fast phase change from the amorphous
state to the crystalline state, which indicates that the local
amorphous structure is similar to the crystal structure. The
HRTEM image in Fig. 2(a) confirms the structural similarity
between the amorphous and the crystalline GeTe structure.
Unfortunately, the exact atomic position in the amorphous
phase is difficult to see because it is not a crzstalline state.
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FIG. 5. (a) FFT image of GeTe orthorhombic structure in Fig. 4(c). (b)
Simulated diffraction pattern of GeTe orthorhombic structure viewed along

the [3 2 4] direction.

However, from the results of Fig. 2(a), we can infer that the
atomic arrangement in the amorphous structure is the same
as that shown in Fig. 3. Figures 3(a) and 3(b) show sche-
matic diagrams of the ring-shaped amorphous structure and
fec structured GeTe based on the HRTEM image in Fig. 2(a)
as well as the model of Kohara ez al.

Figure 2(b) shows a HRTEM image of the GeTe thin
film. The image was obtained at the same position as that of
Fig. 2(a). The film was annealed at 450 °C for 5 min in the
HVEM. As shown in Fig. 2(b), the fcc structured GeTe re-
gion transforms into a GeTe orthorhombic crystal structure.
The crystalline GeTe is known to undergo a pressure-induced
phase transformation. It is known that as the pressure in-
creases in the solid pressure transmitting medium, aniso-
tropic stress components lead to the following sequence
of structural transformations: rhombohedral — cubic NaCl
—s orthorhombic.!! From the HRTEM results, we can deduce
that the formation of the orthorhombic structure is due to the
high energy electron beam irradiation in the HVEM.

As shown in Fig. 4, we successively took the HRTEM
images at 10 s intervals in the same specimen position to
investigate the real-time structural changes. First, we used
the FFT method to analyze the crystal structure shown in
Fig. 4(c). Our analysis of the FFT image, which is shown in
Fig. 5(a), reveals that the crystalline phase is in the form of

orthorhombic structured GeTe viewed along the [3 2 4] di-
rection. The same structure is confirmed by the simulated
FFT image in Fig. 5(b). Interestingly, as shown in Fig. 4, we
can see that the amorphous structure suddenly transforms
into the GeTe orthorhombic crystalline phase almost inde-
pendently of the temperature. From the HRTEM images in
Fig. 4, we can understand why the GeTe-based chalcogenide
materials quickly crystallize under the condition of electron
beam irradiation. In a comparison of the HRTEM images in
Figs. 4(a) and 4(c), the amorphous structure is very similar to
the GeTe orthorhombic structure. Hence, there is no long-
range atomic diffusion in the crystallization process, which
means that the transformation is diffusionless. We think that
the atomic arrangement in Fig. 4(a) represents a relaxed
amorphous structure of the GeTe alloy. Actually, there are
several studies on the relaxed amorphous structure of chal-
cogenide materials. With regard to the phase transformation
mechanism in the Sb,Te alloy, Pandian et al."* revealed that

Appl. Phys. Lett. 92, 191915 (2008)

the relaxed amorphous phase induced by the electron beam
irradiation increases the crystal growth rate of Sb, Te due to a
better structural matching at the amorphous-crystalline inter-
face. Furthermore, Situ et al." suggested that several chal-
cogenide materials have a relaxed amorphous state in a pro-
cess of laser-pulsed crystallization. Note also that the times
required for the crystallization in laser-pulsed condition is
much less than that of thermal crystallization. According to
Pandian et al.,"*" the phase change behavior of Sb,Te and
Ge,Sb,, Tes is changed with and without capping layers
since interface may influence the transformation from the
amorphous state into the crystalline state. It is also observed
that the amorphous structure in a very thin HRTEM sample
without a capping layer enhances the crystal growth rate of
Sb,Te.

In summary, we confirmed that the GeTe binary alloy
has a ring-shaped amorphous structure during the transfor-
mation from an amorphous state to a fcc crystalline state. We
also confirmed the existence of a relaxed amorphous struc-
ture under the condition of electron beam irradiation. We
think that the fast crystallization under a condition of elec-
tron beam irradiation is due to the structural matching be-
tween the amorphous phase and the crystalline phase. The
results of these HRTEM experiments agree well with the
results of previous microstructural research on the GeTe
binary alloy.
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