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Abstract: The structure of crystal GeCu, Te, was investigated by X-ray absorption
fine structure (XAFS) measurement. We found that the Ge-Te interatomic dis-
tances obtained from XAFS are larger than those obtained from X-ray diffraction,
and the Cu-Te distances are smaller. The averaged Ge-Te and Cu-Te distances
obtained from XAFS are almost equal to the corresponding interatomic distances
in amorphous GeCu, Te;. Therefore both crystal and amorphous GeCu, Te; seem
to be built up of the same local configurations of GeTe, and CuTe, tetrahedrons.
This would be the reason why the phase change in GeCu, Te, occurs very fast.
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1 Introduction

Ge, Sb, Te, has intensively been studied for the use of phase change random ac-
cess memory (PCRAM) because of its fast phase-change speed and good reversibil-
ity between amorphous and crystalline states [1]. PCRAM is operated by Joule
heating to induce a phase transition between a high-resistance amorphous phase
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— by XRD [3].

(reset state) and a crystalline phase with a low resistance (set state) of a phase
change material [1]. The melting point of typical PCRAM material Ge,Sb,Te; is
over 600 °C, which means that a high power consumption is required for its reset
operation, while its crystallization temperature is about 150 °C, which limits its
data retention capability [1]. Therefore a higher crystallization temperature and
a lower melting point are necessary.

The crystallization temperature of GeCu,Te, is about 250 °C, while its melt-
ing point is around 500 °C [2]. The phase change of GeCu,Te, rapidly occurs in
about several 10 ns. Therefore GeCu,Te, is a promising phase change material
with its low power consumption, excellent data retention and high-speed rewrit-
ing operation [1]. For the understandings of the fast phase change mechanism be-
tween the amorphous and crystalline phases of GeCu, Te;, it is important to know
the local structure of both the phases. X-ray absorption fine structure (XAFS) mea-
surement is excellent method to investigate local structures, and shows distances,
coordination numbers, and elements around a selected atom.

Figure 1 shows the structure of crystalline GeCu,Te, obtained by X-ray
diffraction (XRD) [3]. The crystal has a Cu,GeSe,-type orthorhombic structure
with a space group of Imm2 [3]. Another XRD result shows a different space group
of tetragonal CuFeS,-type with a space group of I-42d [4]. In both the structures,
crystalline GeCu, Te; is built up of corner-sharing GeTe, and CuTe, tetrahedrons.

To investigate the structure of crystalline GeCu,Te,, we selected XAFS mea-
surement. In this paper, we report our results of XAFS analysis of crystalline
GeCu,Te, to examine local structures around each element whether the XRD re-
sult properly describes the local structures of the GeCu, Te, crystal or not.
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Figure 2: (a) Schematic diagram
and (b) photograph of
experimental set up used for the
present fluorescent XAFS
measurement.

2 Experiment and analysis

Amorphous GeCu,Te; samples with a thickness of 200 nm were deposited on
Si0,(20 nm)/Si substrates at room temperature by radio-frequency sputtering of
a GeCu,Te, polycrystalline alloy target [1]. The base pressure of vacuum chamber
used for the sample preparation was below 4 x 10> Pa and the radio-frequency
power for sputtering was 70 W [1]. Then, crystalline GeCu,Te, sample was ob-
tained by annealing the amorphous sample at 250 "C. This crystallinity of the
GeCu,Te; sample was confirmed by XRD.

The XAFS experiment was carried out at BL12C in Photon Factory at High En-
ergy Accelerator Research Organization (PF-KEK). XAFS data were measured in
fluorescence mode at 30 K. Figure 2 shows (a) a schematic view and (b) its pho-
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tograph of the experimental set up used for the present fluorescent XAFS mea-
surement. X-rays emitting from a bending magnet source are monochromatized
by a double Si (111) crystal. The incident X-ray intensity I, was measured by an
ion chamber (IC). The fluorescent X-ray intensity from the sample I; was detected
by a 19-channels pure Ge solid-state-detector (SSD). XAFS measures the energy
dependence of the X-ray absorption coefficient y(E) near an absorption edge of
a selected element.

u(E) o< Ig/ . 1)

The resulting XAFS function was refined using the path expansion formalism as
implemented in the Artemis software package [5], based on Ifeffit and FEFF6 [6].
The XRD data of the Cu,GeSe;-type structure shown in Figure 1 was selected as
an initial condition of the fitting to obtain the interatomic distances.

A Fourier transform-like analysis was carried out for the XAFS oscillations
extracted from the raw data. Then, the XAFS oscillations concerning the nearest
neighbors were obtained by inverse-Fourier transforms of the nearest neighbor
area in the above Fourier transforms. Using theoretical formula of XAFS oscilla-
tions, fits are performed, where the theoretical formula is expressed as

N.
X(K) = $} Y. =5 (k) sin(2kR; + 9,(00) exp (~207K'). 2

Here Sé is an amplitude reduction factor, N; coordination numbers of neighboring
atoms, R; nearest neighbor distances, F;(k) backscattering factors, ¢;(k) phase
shifts, and o; Debye—Waller factors. Since F;(k) and ¢,(k) depend on atomic num-
bers Z of the scattering atoms, we can also determine the elements of the neigh-
boring atom.

3 Results and discussion

Figure 3 shows u(E) near the (a) Ge (11.104 keV) and (b) Cu (8.979 keV) K-edges
in crystal GeCu,Te;. Clear XAFS oscillations are observed near both of the ab-
sorption edges.

Figure 4 shows the XAFS oscillations extracted from the raw data near the
(a) Ge and (b) Cu K edges. As shown in the figure, the amplitudes of these oscil-
lations have two peaks at about 4.0 A and 11.0 A. The existence of these two peaks
is characteristic for the heavy elements. This GeCu,Te,; sample consists Ge, Cu
and Te. So the features of these oscillations clearly indicate that the neighboring
atoms are mainly composed of Te atoms.
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Figure 3: The u(E) data near the (a) Ge and (b) Cu K-edges in crystal GeCu, Te;.

Figures 5 and 6 show (a) the Fourier transforms of XAFS oscillations near the
Ge and Cu K edge, respectively, and (b) their inverse-Fourier transforms. The ex-
istence of the second peaks at about 3.8 A suggests that this GeCu,Te, sample is
not amorphous but crystalline.

Circles and solid lines indicate the experimental data and the best fits of
the theory. The thin straight lines show the window function in the R range of
1.57-2.97 A (Figure 5) and 1.601-3.051 A (Figure 6) used for the inverse Fourier
transforms. We refined only the first peaks in the XAFS data, because the second
neighbor signals are much lower than the first peaks. The fit curves coincide well
with the experimental data. Fourier transforms of k* x (k) in Figures 5(a) and 6(a)
have two peaks due to the shape of backscattering amplitude of Te.
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Figure 4: XAFS oscillations extracted from the raw data near the (a) Ge and (b) Cu K edges.

Table 1 shows the coordination numbers N i» the nearest neighbor distances
R;, and the Debye-Waller factors 0,.2 in crystal GeCu, Te, obtained by the present
XAFS analysis. In the crystal GeCu,Te;, there are two Te sites around Ge and
three Te sites around Cu, which have different R ; values. The Ge-Tel and -Te2
coordination numbers are fixed to be 2 each during the fitting procedure. Then,
the obtained distances for Ge-Tel and -Te2 are 2.585 and 2.617 A, respectively.

In the same way, the Cu-Tel, -Te2, and -Te3 coordination numbers are fixed
to be 2, 1, and 1, respectively, during the fitting procedure. Then, the obtained
distances for Cu-Tel, -Te2, and -Te3 are 2.537, 2.574, and 2.531 A, respectively.
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Figure 5: Comparison of experimental data near the Ge K absorption edge in GeCu,Te; XAFS
datasets (circles) with the analyzed curves (solid lines) obtained by fitting. (a) The Fourier
transforms of the XAFS oscillations and (b) its inverse-Fourier transform. A thin straight line is
window function.

The obtained Debye—Waller factors for the Ge-Te correlations are larger than
those of Cu-Te by about 0.0005 Az, indicating that the Ge—Te bond lengths are
slightly more fluctuated than the Cu-Te bond lengths.

Table 2 shows the comparison between the averaged nearest neighbor dis-
tances obtained by XRD and XAFS measurements, together with the values in
amorphous GeCu, Te, obtained by XAFS measurements [7]. The averaged Ge—Te
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Figure 6: Comparison of experimental data near the Cu K absorption edge in GeCu,Te; XAFS
datasets (circles) with the analyzed curves (solid lines) obtained by fitting. (a) The Fourier
transforms of the XAFS oscillations and (b) its inverse-Fourier transform. A thin straight line is
window function.

and Cu-Te interatomic distances in crystal GeCu,Te, obtained by XRD are
2.51+0.01 and 2.61 +0.01 A [3], respectively. On the contrary, the averaged Ge—
Te and Cu-Te interatomic distances in crystal GeCu, Te, obtained by the present
XAFS measurements are 2.60 + 0.01 and 2.54 +0.01 A, respectively.
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Table1: R; and o} in crystal GeCu, Te; determined by XAFS measurements with fixed N;.

N; R;Al P [A]]
Ge-Tel 2 2.585 0.00258
Ge-Te2 2 2.617 0.00261
Cu-Tel 2 2.537 0.00212
Cu-Te2 1 2.574 0.00215
Cu-Te3 1 2.531 0.00211

Table 2: Comparison of the averaged Rj in crystal GeCu, Te; between the XRD [3] and XAFS
measurements together with the averaged R; in amorphous GeCu, Te; obtained by XAFS
measurements [7].

XRD XAFS XAFS
crystal crystal amorphous [7]
averaged [3] averaged
Ge-Te 2.51 (1) 2.60 (1) 2.61(2)
Cu-Te 2.61(1) 2.54(1) 2.55(3)

Of particular interest is that the Ge-Te distances in crystal GeCu,Te; ob-
tained by the present XAFS measurements are larger than those obtained by XRD,
and the Cu-Te distances in crystal GeCu, Te; obtained by XAFS are smaller than
those by XRD.

Why does such a discrepancy between the XRD and XAFS results occur even
for the interatomic distances in the crystal? Fons et al. suggested that XRD is
only sensitive to the average structure and insensitive to the local distortions [8].
Namely, XRD measures averaged periodicity of the electron distributions, and it
is impossible to determine the exact positions of atoms, and the actual atoms are
not guaranteed to be located at the lattice positions obtained by XRD. On the other
hand, XAFS measurements are able to directly determine local atomic positions
around the central atom [8].

We explain the differences between the long-range periodicity and local struc-
ture for the Cu—Te bond using a schematic view of Figure 7. If Cu and Te atoms
have the position fluctuations, the average positions are located at the centers,
and are observed by XRD. However, it is possible that the individual Cu—Te bond
lengths are much shorter, and detected by XAFS. In the Ge-Te case, the opposite
situations can occur. For this reason, XAFS measurements correctly determine the
local interatomic distances rather than XRD.

The structure of amorphous GeCu,Te, has been investigated by using ex-
perimental results of XRD and XAFS measurements, and reverse Monte Carlo
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Figure 7: Schematic illustration of the difference
between XRD and XAFS measurements.
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(RMC) simulation [7]. The average coordination numbers around Ge, Cu, and
Te are close to four as in the crystal phase. The Ge-Te and Cu-Te distances
in amorphous GeCu,Te; obtained by XAFS measurements are 2.61+0.02 and
2.55+0.03 A, respectively [7]. It is very interesting that the averaged Ge-Te and
Cu-Te distances in crystal GeCu,Te, obtained by the present XAFS measure-
ments are mostly equal to those in amorphous GeCu,Te, [7] as shown in Table 2.

Therefore, both the crystalline and amorphous GeCu,Te, seem to be built
up of closely similar GeTe, and CuTe, tetrahedrons. Namely, the local atomic ar-
rangements in GeCu,Te,; are almost preserved upon the crystalline-amorphous
phase change. This would be the reason why the phase change of GeCu,Te,
rapidly occurs in about several 10 ns.

4 Conclusion

The local structure of crystalline GeCu, Te; was investigated by XAFS measure-
ments around the Ge and Cu K absorption edges. A discrepancy was found in
the Ge-Te and Cu-Te interatomic distances, i.e., the Ge-Te distances obtained
by XAFS are larger than those by XRD, and the Cu-Te distances are smaller
than those by XRD. Furthermore, the averaged Ge-Te and Cu-Te distances ob-
tained by the present XAFS measurements are mostly equal to those in amorphous
GeCu,Te;. Therefore, both the crystalline and amorphous GeCu, Te; seem to be
built up of closely similar GeTe, and CuTe, tetrahedrons. As a result, the phase
change of GeCu,Te, occurs without large changes in the local atomic arrange-
ments. This would be the reason why the phase change of GeCu,Te, rapidly oc-
curs in about several 10 ns.
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