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The crystallization behavior of GaSb alloy studied by combined in situ xray scattering and electrical measurements
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ABSTRACT
The crystallization behavior of stoichiometric GaSb alloy was studied by combined in situ synchrotron techniques. It
is found that the GaSb film has an unusual behavior with increasing thickness and decreasing density upon
crystallization, whereas its electrical behavior remains typical compared to other phase change materials. Furthermore,
for the slow heating rate used in this study, a segregation of Sb, revealed by the crystallization of the Sb phase is
proposed.
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1. IINTRODUCTION
Phase change random access memories (PCRAM) are one of the more promising candidates to sustain the
industrial demand for high density/speed products. The use of phase change materials for non-volatile data storage is
due to their physical properties exhibiting a reversible switch between two electrical/optical states [1] linked to a
phase transition that occurs on nanosecond timescale and that is thermally induced [2]. Among the suitable phase
change materials, Te-based chalcogenide films, are considered to be leading alloys for application in PCRAM [3,4].
However, they may suffer from phase segregation and insufficient data retention [5]. More recently, Te-free and Sbrich alloys have been proposed, including SnSb [6], GeSb [7] and GaSb [8] alloys. Ga-Sb alloys were demonstrated to
show high thermal stability and very fast crystallization [5]. Moreover, the stoichiometric GaSb compound has been
shown to have a unusual negative optical contrast whereas its electrical contrast follows the typical behavior for phase
change materials with a high resistivity in the amorphous state and a lower one in the crystalline phase [9].
This work focuses on the correlation between the structural and electrical properties upon crystallization in the
stoichiometric GaSb alloy by using combined and simultaneous in situ X-ray diffraction (XRD), X-ray reflectivity
(XRR) and sheet resistance (Rs).
2. EXPERIMENTS
Thin films of GaSb were deposited on 500nm thick SiO2 layer on top of Si (001) substrates by DC-sputtering from
nominally stoichiometric GaSb target in an argon atmosphere. Simultaneous in situ XRD, XRR and sheet resistance
(Rs) measurements were performed on the BM20B-Rosendorf beamline at ESRF (Grenoble, France) using an incident
photon energy of 11.7 keV and a dedicated vacuum chamber (10–6 mbar) equipped with a heating stage and with an
aligned 4-point probes sheet resistance set-up [10,11]. XRD, XRR and Rs measurements were simultaneously
performed during the layer annealing with a constant heating rate of 2°C/min, from room temperature up to 400°C.
XRD pattern were recorded at grazing incidence ( =1°) using a 1D Mythen detector. A Fast Fourier Transform (FFT)
algorithm was used to analyze XRR data: as detailed in previous studies [12], this calculation enables direct extraction
of the layer thickness variations from a series of reflectivity patterns. Some XRR curves were also fitted using the
classical matrix thin film method analysis in order to extract film thickness and density. The film compositions were
determined by Rutherford Backscattering Spectrometry (RBS) before and after annealing.
3. RESULTS AND DISCUSSION
The RBS measurements performed before and after annealing do not show any composition variation. The results
indicate that the nominally stoichiometric sputter target produces slightly antimony-rich films Ga/Sb(45:55) with a
uncertainty of 0.5 at.%.

Figure 2: (a) grazing incidence XRD pattern recorded before and after annealing (b) 3D
view of the in situ XRR patterns, (c) zoom on the XRR patterns recorded before and after
annealing
Figure 3: Temperaturedependent evolution of
structural and electrical
parameters upon annealing
extracted
from
simultaneously performed
XRR,
XRD
and
Rs
experiments.

Figure 1: combined in situ Rs (a), XRD (b)
and XRR (c) performed simultaneously
during thermal annealing.

Table 1: Summary of the calculated physical parameters. TB corresponds to
the temperature at which the first Bragg reflections are detected, T X to the
temperature at which the normalized integrated intensity is equal to 0.5.

Figs. 1a, 1b and 1c show respectively the results of Rs, XRD and XRR measurements performed simultaneously
during the annealing of a GaSb layer. At room temperature, the broad modulations on XRD pattern were indicative of
an amorphous phase (Fig. 1b and Fig.2a). At 220°C the onset of several Bragg reflections indicates that crystallization
occurs. The pattern indexation shows that these peaks correspond to the cubic structure of GaSb. Interestingly, around
253°C, new Bragg peaks characteristic of the pure rhombohedral Sb phase appear. This shows that an elemental
segregation occurs with a separate crystallization of Sb. In order to confirm this result, accurate XRD pattern were
recorded after annealing. As seen in Fig. 2a, (012), (107), and (122) Bragg reflections can be indexed without
ambiguity. Note that the intensity of the Sb peaks is low as compared to the GaSb ones suggesting that this
segregation may concern only a few percent of Sb. Such a phase separation has been already observed in Sb-rich
phase change materials such as Ge15Sb85 [13,14], but to our knowledge this segregation is reported for the first time in
stoichiometric GaSb system. Interestingly, in previous study [9] on similar composition (Ga/Sb(46:54)), the Sb
crystallization was not detected. This could be explained by a much slower temperature ramp (2°C/min to be
compared to 1°C/s), a larger 2 range that enables measuring Sb (012) Bragg reflection, and/or a better experimental
resolution due to the larger sample-detector distance.
Concomitantly with the crystallization of the GaSb phase, the Rs drastically falls around 226°C (Fig. 1a). This
steep drop of Rs can be attributed to a change in the electrical properties of the layer: the decrease of one order of
magnitude clearly indicates that GaSb film switches from a high-resistance state to a low-resistance state. Around
258°C, another effect is observed in the Rs curve as evidenced by the arrow in Fig 1.a. This effect may be linked to
the crystallization of Sb.

Figure 1c presents a series of XRR patterns (2D view) acquired simultaneously with XRD and Rs measurements.
The whole XRR patterns are also shown in 3D view on Fig. 2b. Below 221°C the continuous shift of both the Kiessig
fringes and the total reflection edge indicates a small continuous thickness reduction and density increase. Around
221°C, a clear change is observed in the XRR patterns (as indicated by white arrow in Fig. 1c). The total reflection
edges at 25°C and after the annealing are also compared in Fig. 2c. The shift of the critical angle for total reflection
towards smaller angles indicates a density decrease. This latter decrease in density leads to a volume expansion, which
corresponds to an increase in the film thickness actually shown from the shift of Kiessig oscillations towards smaller
angles. Above 221°C, XRR patterns do not exhibit drastic changes, even around the Sb crystallization temperature.
Using FFT analysis, the layer thickness was estimated to increase from 61.1 nm in the amorphous state to 62.5 nm in
the crystalline state at 330°C. Satisfactory XRR curve fitting was also achieved in considering a density decrease of 5.2% ± 0.4% and a thickness increase of +1.7% ± 0.2% before and after annealing. Such a behavior (increasing
thickness and decreasing density) upon crystallization is contrasting with observations done in other phase change
materials as Ge2Sb2Te5 and GeTe alloys [10,15]. It may be linked to the negative optical contrast measured by static
laser testing for the stoichiometric GaSb alloy which is also very unusual for phase change materials [9].
To correlate the three in situ measurements, the position of XRR FFT peak (i.e. film thickness) and the integrated
intensity of the GaSb (111) and Sb (012) Bragg reflections were extracted as a function of temperature. Figure 3
compares on the same plot the evolution of electrical (Rs) and microstructural parameters. For Rs and XRR
experiments, the crystallization temperature was determined from the peak in the first derivative as function of
temperature. The electrical contrast is also reported in this table. It was derived from the ratio between the Rs at room
temperature before annealing (Rsbefore) and the one after annealing (Rsafter). For XRD data, the crystallization
temperature was extracted using i) the temperature (TB) at which the first Bragg reflection appear, and ii) the
temperature (TX) at which the normalized integrated intensity corresponds to 0.5.
As shown in Figure 3 and Table 1, the crystallization temperature deduced from Rs corresponds to the temperature
TB at which the first Bragg reflections are detected. This temperature also matches with the crystallization temperature
deduced from XRR. Those three crystallization temperatures being very close, an average value of 222°C ± 4°C can
be determined. In early findings on similar samples the crystallization temperature was determined to be 203°C and
223°C using respectively resistivity measurements in van der Pauw geometry and time resolved XRD, but much faster
annealing ramp (resp. 5°C.s-1 and 1°C.s-1) [9]. Taking the different heating rate into account the values agree well. The
same study [9] also reported a maximal electrical contrast of 103 on this alloy, that is higher than the value deduced
from the Rs measurement shown in Fig.1a and reported in Table 1. However, this discrepancy could be due to the
dependence of the resistivity of the crystalline material according to the maximum annealing temperature [9].
4. CONCLUSION
Combined, simultaneous and in situ XRR, XRD and Rs measurements were deployed to study the behavior of
stoichiometric GaSb alloy upon crystallization. Correlated changes in both structural and electrical properties were
evidenced, the GaSb film density, thickness and sheet resistance changing upon crystallization. The GaSb film was
found to have an unusual behavior with increasing thickness and decreasing density upon crystallization, which may
be linked to its negative optical contrast. However, the electrical behavior remains typical compared to other phase
change materials, with a steep drop from high to low resistivity upon crystallization. Furthermore, for the slow heating
rate used in this study, a segregation of Sb, revealed by the crystallization of the Sb phase at 253°C, is proposed.
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