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ABSTRACT
The phase transitions of Ge-Sb and Ge-Te phase change materials were studied using resistivity vs. temperature
measurements, time-resolved x-ray diffraction and laser testing. It was found that the crystallization temperature of
Ge-Sb phase change materials increases monotonically with Ge content from 120 ºC for 7 at.% to 425 ºC for 81 at.%
Ge. The crystallization temperature for Ge-Te alloys has a minimum of 180 ºC for the stoichiometric composition
with 50 at.% Ge. Off-stoichiometric alloys had higher crystallization temperatures with 70 at.% Ge being the highest
of all measured Ge-Te films at 330 ºC. For most compositions the crystallization is a one-step process characterized
by the appearance of x-ray diffraction peaks at one temperature and a sharp drop in resistance at a very similar
temperature. For some compositions, however, a two-step crystallization process was observed with x-ray peaks of
one material appearing at the crystallization temperature connected to a sharp drop in resistance, and additional x-ray
peaks of another elements occurring at a higher temperature. Often this was connected to an additional drop in
resistance at this higher temperature and elemental phase segregation. Among the Ge-Sb alloys the eutectic
composition with 15 at.% Ge had the largest electrical contrast of about four orders of magnitude while for the Ge-Te
alloys the stoichiometric composition had the largest electrical contrast of about six orders of magnitude. A static laser
tester was used to evaluate crystallization times of these two alloys with the highest electrical contrasts. The
crystallization times of as-deposited-amorphous eutectic Ge-Sb/stoichiometric Ge-Te were found to be 2.4 Ps/250 ns,
respectively, while the re-crystallization times of melt-quenched-amorphous materials were 10 ns/150 ns, respectively.
Key words: Ge-Te, Ge-Sb, phase transitions
1. INTRODUCTION
The phase change material Ge2Sb2Te5 (GST) is the most studied and applied material. It was originally developed for
optical data storage [1] and this composition and similar compositions along the GeTe-Sb2Te3 tie line are widely used
today in re-writable optical storage media such as rewritable CDs, DVDs and Blu-ray discs [2]. These alloys are
characterized by very fast crystallization and high optical contrast which makes them very useful for optical storage.
GST is also the most common material used in phase change random access memory (PCRAM), but it has been
demonstrated that there are several issues related to the material properties that could be improved. While for optical
data storage applications the operating temperature is close to room temperature, for PCRAM it is around 85 ºC, and
for automotive application even 150 ºC operating temperature is required. Since the crystallization temperature of
GST is around 140 ºC (depending on the heating rate [3]), data retention at elevated temperature is limited. Materials
with high optical contrast such as GST typically also show a relatively large increase in mass density upon
crystallization [4]. For optical storage application the number of required switching cycles is about 105 but for
PCRAM applications it is much higher (about 1012 – 1014). Repeated cycling in PCRAM applications can lead to
void formation [5] caused by the large difference in mass density between the two phases causing subsequent cell
failure. Elemental segregation is another failure mechanism that is observed for PCRAM cells with GST phase change
material. Antimony-rich areas are formed on top of the bottom electrode [6] which deteriorates data retention because
antimony-rich alloys are known to have a reduced crystallization temperature and archival life stability [7]. In this
paper we studied the phase change materials Ge-Sb and Ge-Te and explored their properties in terms of usefulness for
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PCRAM applications. We applied resistivity vs. temperature (R vs. T) measurements and time-resolved x-ray
diffraction (XRD) as well as laser testing to measure crystallization temperatures and times and characterize the
crystallization behavior of these alloys.
2. EXPERIMENTS
Thin Ge-Sb and Ge-Te films of variable composition with the Ge fraction ranging between about 7 and 81 at. % for
the Ge-Sb alloys and between 30 and 72 at.% Ge for the Ge-Te alloys were deposited by co-sputtering from elemental
targets. The films were 50 nm thick on 1 Pm thick SiO2 on Si substrates for R vs. T and XRD measurements and
30 nm thick on a 30 nm thick Al2O3 heat barrier layer on Si substrates for laser testing. Composition was varied by
adjusting the power on the respective sputter guns. Film composition was determined by Rutherford backscattering
spectrometry (RBS). The deposition was performed at room temperature and as-deposited films were amorphous.
R vs. T was measured using a custom-made set-up consisting of two probes that contacted well-defined Al contact
pads of large size (2 cm x 1 cm) and small gap (1 mm) that were deposited on the samples prior to the measurements.
Measurements were carried out in a nitrogen atmosphere to prevent oxidation.
Time-resolved XRD measurements were performed at beamline X20C of the National Synchrotron Light Source. The
intensity of the diffracted x-rays was monitored using a fast, linear diode-array detector while the samples were heated
at a rate of 1 ºC/s in a purified He atmosphere. The detector covered a 2T range of 15º and its position was selected
such that strong x-ray peaks of all elements/compounds fell into the monitored angular range. The x-ray beam energy
was 6.9 keV corresponding to a wavelength of 1.797 Å. A high photon flux of about 1013 photonss was delivered by
a high-throughput synthetic multilayer monochromator.
A static laser tester [8] was used to evaluate the crystallization times of selected materials. It applied a pulsed laser
(658 nm) to crystallize or melt-quench the material, and a low power cw laser (635 nm) to constantly monitor the
reflectivity of the sample. As-deposited-amorphous films were exposed to laser pulses of variable power and
duration and crystallization times were determined by the increase in reflectivity related to crystallization. Additional
samples were heated to a temperature which was 20 ºC above their respective crystallization temperature for 5 min. in
a nitrogen atmosphere to crystallize them. Subsequently, the crystalline samples were exposed to laser pulses of
variable power and duration to determine optimum laser pulse conditions for melt-quenching. Finally, a dual pulse
experiment (pre-pulse experiment) was performed using a first pulse of fixed power and duration that reliably meltquenched the material without ablation, and a second laser pulse of variable power and duration at the same location
was used to attempt re-crystallization of the amorphous-melt-quenched material to determine re-crystallization times.
3. RESULTS & DISCUSSION
Resistivity vs. Temperature Measurements
The nominal film compositions and sample names as well as the actual compositions measured by RBS are
summarized in Table 1. R vs. T was measured at a heating rate of 1 ºC/s. The results are shown in Figs. 1 and 2.
At the beginning of the measurements all films had a high resistivity because they were in the amorphous phase. With
increasing temperature the resistivity decreased because the conductivity of amorphous phase change materials can be
modeled by a thermally activated hopping process [9]. For the Ge-Sb films one sharp drop in resistance indicated the
phase transition. The eutectic alloy of 15 at.% Ge had the highest electrical contrast, with four orders of magnitude
difference between the resistance in the amorphous and crystalline states. In a previous study it was observed that also
other physical parameters such as optical contrast and mass density change show a maximum for the eutectic
composition compared to other alloys [10]. Upon cooling the resistance remained lower than in the amorphous phase
except for GeSb75:25 which showed a strong temperature dependence of R in the crystalline phase such that at room
temperature the resistance contrast was actually reversed compared to typical phase change materials and the
crystalline phase had a higher resistance than the amorphous phase. Measurements of the composition before and after
heating showed that this was not due to changes in composition, it might have been due to reactions of the Ge-Sb with
the aluminum pads adding additional interface resistances. For the other Ge-Sb alloys the electrical contrast was
reduced compared to the eutectic alloy. The crystallization temperature increased monotonically with increased Ge
content. It shows that the crystallization temperature can be varied over a wide range by changing film composition,
and crystallization temperatures substantially higher than 140 ºC (GST) can be achieved.
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Fnom (Ge) in
at.%

Fnom (Sb) in
at.%

8
15
25
50
75
30
40
50
60
70

92
85
75
50
25

Fnom (Te) in
at.%

70
60
50
40
30

Sample name

Fmea (Ge) in
at.%

Fmea (Sb) in
at.%

GeSb8:92
GeSb15:85
GeSb25:75
GeSb50:50
GeSb75:25
GeTe30:70
GeTe40:60
GeTe50:50
GeTe60:40
GeTe70:30

7.3
14.5
26.8
59.3
81.1
29.5
41.5
50.5
61.6
72.4

92.7
85.5
73.2
40.7
18.9

Fmea (Te) in
at.%

70.5
58.5
49.5
38.4
27.6

Table 1: Nominal fraction Fnom, sample names, and measured fraction Fmea. The error of the RBS measurements was
± 0.5 at.%.

Fig. 1: R vs. T for Ge-Sb films of variable
composition. Reprinted with permission from [10].
Copyright (2009), American Institute of Physics.

Fig. 2: R vs. T for Ge-Te films of variable
composition.

For the Ge-Te materials one sharp drop in resistance was found for GeTe30:70, GeTe50:50, and GeTe70:30 [11]. Two
steps in the R vs. T curves were found for GeTe 40:60, and a rather gradual change in R for the GeTe 60:40 sample.
The stoichiometric alloy had the lowest transition temperature of 180 ºC and very high electrical contrast of more than
six orders of magnitude. Off-stoichiometric alloys had higher crystallization temperatures with GeTe70:30 having
the highest of all measured Ge-Te films at 330 ºC. Also for this system the crystallization temperature varies with
composition and is higher in all cases than that of GST.
Time-resolved X-ray Diffraction
Time resolved XRD during heating revealed the crystallization behavior. Figures 3 and 4 show the intensity of the
diffracted x-ray peaks as a function of temperature for the 1 ºC/s heating ramps to 450 ºC for the Ge-Sb and Ge-Te
material systems, respectively. The sample names are indicated on the top left of each panel. Different angular ranges
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were selected for Ge-Sb and Ge-Te because the strongest peaks of the respective materials where in different angular
positions. Full T-2T scans acquired after the ramps in the angular range of 20-60º confirmed the results obtained in
the 15º angular range of the detector.

Fig. 3: Intensity of XRD peaks as a function of
temperature for Ge-Sb films of variable composition.
Reprinted with permission from [10]. Copyright
(2009), American Institute of Physics.

Fig. 4: Intensity of XRD peaks as a function of
temperature for Ge-Te films of variable composition.

The Ge-Sb phase diagram shows a eutectic alloy at 15 at.% Ge [12, 13] and no stoichiometric compound. Different
solubility limits between 2.5 and 17 at.% of Ge in Sb have been reported [13]. It can be seen from Fig. 3 that in our
case all Ge-Sb samples showed Ge and Sb diffraction peaks. The crystallization temperature of the Sb peaks is
indicated in the yellow dashed line and the one of the Ge in turquoise. Even though successful devices have been
demonstrated using Ge-Sb phase change materials [14-16] our data indicate a tendency to elemental segregation in
these materials for slow (relative to device switching times of nanoseconds) annealing processes. This has indeed been
confirmed for samples similar to GeSb25:75 using Auger mapping after long annealing showing regions of Sb-rich
and Ge-rich material on the size of 100 nm or even larger [10]. However, thin film annealing times of minutes to
hours and device switching times of nanoseconds with melting cycles between the crystallization events may lead to a
very different phase segregation behavior. For films with low Ge content only Sb peaks appear at the crystallization
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temperature, but Ge peaks occur at higher temperatures. For films with about equal or higher amounts of Ge compared
to Sb, Ge and Sb peaks are both observed at the same crystallization temperature.
The Ge-Te phase diagram shows also a eutectic alloy at 15 at.% Ge and a stoichiometric compound for 50 at.% Ge
[17]. In Fig. 4 we can see the complex crystallization behavior of the Ge-Te material system. The crystallization of Ge
is again indicated in turquoise, of GeTe in magenta, and of Te in white. For films with Ge concentrations higher
than 50 at.% we observed both Ge and GeTe peaks, while for films with a Te concentration of more than 50 at.% both
Te and GeTe peaks were observed. For the stoichiometric composition only GeTe peaks occurred. This was
confirmed by acquiring T-2T scans after the ramps in the angular range of 20-60º. For the GeTe30:70 sample the
intensity of all peaks (in particular the Te peaks) drops at around 350 ºC probably due to Te sublimation. The same is
seen for the GeTe40:60 sample. The crystallization of GeTe at lower temperature and Te at slightly higher
temperature for the GeTe40:60 sample agrees well wit the two-step crystallization process observed in the R vs. T
measurements (see Fig. 2). Stoichiometric GeTe is characterized by a rhombohedral crystalline structure at room
temperature [18] that can be reversibly changed to a cubic phase at high temperature. We observed this rhombohedralcubic transition for all Ge-Te films. There is an indication for this transition best visible in Fig. 4 for the GeTe50:50.
The rhombohedral GeTe (104) and (110) peaks at 49.4º and 51.0º shift positions closer to each other with increasing
temperature until they form the cubic (200) peak at 50.2º at around 350 ºC. This transition can be better seen in
subsequent ramps after the film was fully crystallized in the first ramp. Figures 5 and 6 show this transition for two
different angular ranges when the peak intensity is plotted in this case as a function of time during a temperature ramp
of 1 ºC/s and down to room temperature at the same rate, as an example for the GeTe40:60 sample.

Fig. 5: Intensity of XRD peaks as a function of time
for crystalline GeTe40:60 during a heating ramp at
1 ºC/s and subsequent cooling to room temperature at
the same rate with the detector centered at 2T = 51º .

Fig. 6: Intensity of XRD peaks as a function of time
for crystalline GeTe40:60 during a heating ramp at
1 ºC/s and subsequent cooling to room temperature at
the same rate with the detector centered at 2T = 33º.

Here again it can be seen that the rhombohedral GeTe (104) and (110) peaks at 49.4º and 51.0º shift positions closer to
each other and form the cubic (200) peak at 50.2º after around 325 s which corresponds to 350 ºC. They split again
during cooling after about 525 s corresponding again to 350 ºC. Figure 6 shows the same ramp with the center of the
detector moved to 2T = 33º. The rhombohedral (003) and (021) peaks at 2T = 29.3º and 30.5º at room temperature,
respectively, shift their peak positions towards each other upon heating and we observe the high temperature cubic
phase with the (111) peak at 30.1º for temperatures higher than about 350 ºC. A faint rhombohedral (202) peak at
34.9º is also visible which becomes the cubic (200) peak, also located at 34.9º.
The onset of the XRD peak intensity for GeTe50:50 (Fig. 4) is relatively sharp and agrees with the one-step large drop
in resistivity upon heating of this sample. For the GeTe60:40 a rather gradual increase of the XRD peaks correlates
well with the gradual decrease of R vs. T in Fig. 2. The appearance of the Ge peaks around 350 º C does not cause any
additional sharp drop in the resistivity, probably because the resistance is so low already. For the GeTe70:30 sample
the XRD data show GeTe and Ge peaks appearing at the same temperature, and one sharp drop of R vs. T in Fig. 2.
Figure 7 summarizes the crystallization temperatures of the films of various compositions and compares the data
obtained from the R vs. T measurements and the time-resolved XRD. The crystallization temperature obtained from
the drop in resistivity is in most cases several degrees lower than the crystallization temperature determined from the
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derivative of the integrated XRD peak intensity. This can be explained by the fact that a narrow crystalline,
conductive path between the contact pads is sufficient to reduce the resistivity substantially, while a considerable
fraction of the material needs to be crystalline to result in strong XRD peaks. We can see also from Fig. 7 that most
Ge-Sb compositions and all Ge-Te compositions studied here have a higher crystallization temperature than GST.

Fig. 7: Crystallization temperature Tx (in ºC) as determined
from the drop in resistivity during a heating ramp (R vs. T) and
from the appearance of XRD peaks during a heating ramp
(XRD) for Ge-Sb and Ge-Te thin films as a function of Ge
fraction (in at.%). Both heating rates for R vs. T and timeresolved XRD measurements were 1 ºC/s. Small compositional
variations may also cause differences in Tx since these
measurements were not performed on exactly the same sample,
but samples deposited under identical conditions.

Laser Testing
A static laser tester was used to investigate the crystallization times of the two alloys that showed the highest electrical
contrast, the eutectic Ge-Sb alloy GeSb15:85, and the stoichiometric GeTe alloy GeTe50:50. Figs. 8 and 9 show the
relative change in reflectivity 'r/r as a function of laser power and duration for as-deposited-amorphous films. Each
pixel is one laser pulse.

Fig. 8: Relative change in reflectivity 'r/r in % as a
function of laser power and duration for as-depositedamorphous GeSb15:85.

Fig. 9: Relative change in reflectivity 'r/r in % as a
function of laser power and duration for as-depositedamorphous GeTe50:50.

Data were analyzed by plotting the relative change in reflectivity as a function of laser pulse length for the power
where the fastest crystallization occurred, e.g. at 25 mW for Fig. 9. The change in reflectivity was then normalized to
the change in reflectivity for long times, and fitted to a function of the form f (t) = 1 - exp-(t/W)n [19, 20] where f is the
normalized change in reflectivity and assumed to be equal to the crystal fraction, t is the time, and W and n are fitting
parameters. The crystallization time Wx was defined as f (Wx) = 0.9. It can be seen that the crystallization time for the
GeSb15:85 alloy is rather long, Wx = 2.5 Ps. For GeTe50:50 we measured Wx = 240 ns. For GeSb15:85 the
crystallization probability for a given laser power and duration is rather stochastic, this is the typical behavior of a
growth-dominated material with long incubation times and sparse nucleation events but fast crystal growth once
nucleation has occurred [21]. The GeTe50:50 shows a more reproducible crystallization probability for a given laser
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power and duration, but it was found previously that Ge-Te alloys are also growth-dominated materials [20]. The
optical contrast of GeTe50:50 is substantially higher than for GeSb15:85.
The technologically relevant crystallization time is the re-crystallization time of melt-quenched phase change
materials with an amorphous-crystalline boundary because in optical storage disks as well as PCRAM cells this is the
practical situation. Figures 10 and 11 show that the re-crystallization times are shorter than the first crystallization
times of amorphous-as-deposited materials. These are pre-pulse experiments performed on crystalline samples using a
fixed pre-pulse to melt-quench and a variable second pulse at the same location to attempt re-crystallization. Plotted is
the change in reflectivity due to the second pulse. An increase in reflectivity indicates successful re-crystallization.

Fig. 10: Relative change in reflectivity 'r/r in % as a
function of laser power and duration for meltquenched-amorphous GeSb15:85. Melt-quenching
laser prepulse power was 50 mW, duration 100 ns.

Fig. 11: Relative change in reflectivity 'r/r in % as a
function of laser power and duration for meltquenched-amorphous GeTe50:50. Melt-quenching
laser prepulse power was 55 mW, duration 50 ns.

The crystallization time of melt-quenched-amorphous GeSb15:85 is drastically reduced to Wx = 20 ns, more than two
orders of magnitude shorter than as-deposited-amorphous material. This is an additional indication that this is a
growth-dominated material because nucleation is not required under re-crystallization conditions in a pre-pulse
experiment. The crystallization time for GeTe50:50 is also reduced (Wx = 65 ns), but less markedly compared to
GeSb15:85. Optical contrast is lower for both alloys compared to as-deposited-amorphous material because the meltquenched laser spots are smaller than the crystallized spots in the as-deposited material but the spot size of the
detecting laser is comparable to the latter.
4. CONCLUSIONS
The data show that the crystallization temperatures of Ge-Sb and Ge-Te materials can be varied over a wide range by
adjusting the composition. It also shows that in some cases two-step crystallization occurs which is probably
connected to elemental segregation. From the Ge-Sb alloys the most promising seems to be the eutectic composition
GeSb15:85 because of its high electrical contrast, high crystallization temperature and very short re-crystallization
times. Phase segregation might be an issue for this material, however. From the Ge-Te alloys the technologically most
useful composition appears to be the stoichiometric alloy GeTe50:50 because of its very high electrical contrast, for
most applications sufficiently high crystallization temperature and short re-crystallization times comparable to GST.
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