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ABSTRACT
The scaling behavior of phase change materials is important for their application in solid state memory
devices. We have studied the scaling behavior of ultra-thin films and nanostructures using time-resolved X-ray
diffraction (XRD). Ultra-thin films of the phase change materials Ge2Sb2Te5 (GST) and GeSb having thicknesses
between 1 and 20 nm were deposited by magnetron sputtering and the crystallization behavior as a function of film
thickness was investigated. We observed that the minimum thickness for the appearance of XRD peaks is a function
of the phase change material. For GST the amorphous-fcc phase transition temperature increases with decreasing film
thickness, and for 3.6nm and thinner films the fcc phase does not form anymore. The hcp phase is still observed for
films as thin as 2 nm at about the same temperature as for hick films (about 370ºC), and it is not formed anymore for
1.5nm thick films. For GeSb XRD peaks (hcp phase) were observed for films as thin as 1.3 nm with an increased
crystallization temperature Tx for the thinnest films.
Electron-beam lithography was used to fabricate nanostructures of amorphous GeSb having diameters
between 20 and 55 nm with spacings between 80 and 100 nm over a 2mmx5mm field which was larger than the X-ray
beam. Using time-resolved XRD we found that the amorphous to hexagonal phase transition occurs for all GeSb
nanopatterns down to 20nm diameter. For the first time size effects are observed for Tx which decreased with
particle size (by about 20 deg for the smallest particles compared to Tx for blanket films). The temperature range
over which the transition occurs is also broadened compared to blanket film probably caused by the slight size
variation from particle to particle and the size-dependent Tx. The XRD peaks of the nanopatterns are at the same
angles as those for blanket films, but the XRD spectra show a difference in crystallographic texture.
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1. INTRODUCTION
Solid state memory devices based on phase change materials (PCM) as the storage medium have been developed over
the last years with ever shrinking dimensions. These devices exploit the large difference between the resistivity of
the amorphous and crystalline phases of PCM to store information. The possibility to change the phase of the PCM
repeatedly between the two phases has been demonstrated in devices with an endurance of up to 1012 times1. To
switch from the amorphous to the crystalline phase (SET), the PCM in the device is heated by an electrical current for
a long enough time above the crystallization temperature, and to switch from the crystalline to the amorphous phase
(RESET) the material is melt-quenched by a larger current with a very short trailing edge that leads to melting and
subsequent quenching of the PCM in the amorphous phase. Phase change solid state memory shows favorable
properties with respect to scaling because smaller devices require a smaller current to RESET the devices, which is
one of the limiting factors for the size of the transistor that is required to switch the cells. Various materials have been
described to perform well in solid state memory devices such as Ge2Sb2Te5 (GST)1,2, nitrogen3, oxygen4, tin5, or
silicon6 doped GST, and doped Sb2Te7. Little is known how scaling in either 2D (just film thickness) or 3D (phase
change nanoparticles) influences the crystallization behavior, even though this information is of crucial importance to
estimate the scalability of this technology. In this paper we investigate the crystallization behavior of ultra-thin PCM

films and large arrays of PCM nanoparticles fabricated by electron beam lithography, and compare their
crystallization behavior to thick PCM films.
2. EXPERIMENTS
PCM thin films were deposited by magnetron sputtering using stoichiometric Ge2Sb2Te5 and Ge(15%)Sb(85%)
sputter targets. The substrates were Si wafers (for Secondary Ion Mass Spectrometry (SIMS) measurements) or Si
wafers coated with a 1 µm thick thermal oxide. A major concern for the studies of very thin films is oxidation.
Figure 1 shows the SIMS data on uncapped GeSb and GST films exposed to air for several days between the
deposition and the SIMS measurement.
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Fig. 1: SIMS depth profiles on uncapped GST (left) and GeSb (right) films exposed to air for several days between the
deposition and the SIMS measurement.
It is clear that the top about 5nm of the films contain a large amount of oxygen. In addition we observe that the film
composition is markedly different at the interface with peaks in the Ge and Sb concentration and a depletion of the Te
concentration (for GST). We have found previously that very thin films basically do not show any bulk-like
concentration behavior with a fixed composition over some depth range but vary their composition continuously
throughout the film8. In order to study the properties of ultra-thin films of a few nm it is necessary to prevent
oxidation. We applied a 10nm Al2O3 cap layer on top of a 30nm GeSb thin film in situ and exposed an uncapped and a
capped sample to a 1h UV-ozone treatment. This treatment accelerates the film oxidation, SIMS depth profiling of
the uncapped film showed that the top about 10nm of the film contained a large amount of oxygen. Figure 2 shows
the ellipsometry raw data of the uncapped and capped GST film before and after UV-ozone treatment. The UV-ozone
treatment has clearly modified the optical properties of the uncapped GST films, but the GST/ Al2O3 bilayer has
nearly identical optical properties before and after UV-ozone treatment. We did not attempt to model these films
since this requires a detailed knowledge about their respective thicknesses and the optical properties of all materials
including the oxidized GST which also probably vary as a function of oxygen concentration. We just used
ellipsometry to demonstrate that in the uncapped case the film changed dramatically under UV-ozone treatment while
in the capped case the bilayer structure essentially did not change its optical properties. The results for capped and
uncapped GeSb were very similar. We also did not attempt to sputter depth profile the Al2O3 capped PCM since we
have experienced that sputter depth profiling of a bilayer that consists of a layer with a very low sputter rate (e.g. Ta
or Al2O3) on top of a layer with a very high sputter rate (e.g. GST and GeSb) leads to the formation of very strong
topographic features due to preferential sputtering. This strong topography leads to that fact that sputter time cannot
be equaled to depth information anymore, and sputter depth profiling is not an adequate means to study these bilayers.

We deposited thin films of GST and GeSb with thicknesses between 1 and 20nm sandwiched between two 10nm thick
Al2O3 layers for all the subsequent experiments.
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Fig. 2: Ellipsometry raw data (psi and delta) of the uncapped (left) and 10nm Al2O3 capped (right) GST film before
and after UV-ozone treatment.
The film thickness of the ultra-thin films was determined by ellipsometry after fitting the optical constants for each
material using a thick film for which the film thickness was determined by profilometry.
GeSb nanostructures were fabricated using electron beam lithography from a 50nm thick film deposited on 1 µm-thick
SiO2 on Si substrates. The patterns were made using 950k PMMA resist. In order to minimize any annealing of the
samples, the resist was only baked to 105oC, which is just above the glass transition temperature of the PMMA. The
nanostructures extended over an area of 2mmx5mm that was larger than the x-ray probe beam of the time-resolved Xray diffraction (XRD) set-up. Fig. 3 shows SEM images of the nanostructures.

Fig. 3: Secondary Electron Microscopy (SEM) images of GeSb nanostructures. Top view (left) and view at 45 deg
(right).
The nanostructures were also encapsulated in situ using 10nm Al2O3 deposited at an angle of 45 deg, thus the actual
size of the PCM inside the patterns is about 10nm smaller than the total size as measured by SEM.

Time-resolved in-situ x-ray diffraction (XRD) was employed to study the structural properties of capped ultra-thin
films and nanostructures. These experiments were performed at beamline X-20C of the National Synchrotron Light
Source using a photon energy of 6.9 keV. The set-up consisted of a high-throughput synthetic multilayer
monochromator and fast linear-diode-array detector9,10. A special chamber for controlling the sample ambient
(purified He gas) was outfitted with a BN heater for rapid annealing up to 1200ºC at a rate of [ 35ºC/sec.11,12

3. RESULTS & DISCUSSION
Thin GST films were heated in a helium atmosphere and the intensity of the XRD peaks was recorded over a 2 theta
range of 15 degrees. The range was selected to cover strong XRD peaks of this material. Bulk GST and relatively
thick films are known to show an amorphous-fcc phase transition at around 140ºC and an fcc-hcp phase transition at
around 360ºC13. Fig. 4 shows how the first, amorphous-fcc phase transition develops as a function of film thickness.
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Fig. 4: XRD peak intensity as a function of temperature for thin GST films. Films heated to 280ºC at 1ºC/s.
The films were heated at a rate of 1ºC /s up to 280ºC. The 19nm thick film shows the amorphous-fcc phase transition
at around 140ºC comparable to literature values13. For thinner films (8.8nm) the transition occurs at a higher
temperature around 170ºC and the film texture changes. For thinner films we only observe very weak crystallization
peaks.
The effect is different for the fcc-hcp phase transition as shown in Fig. 5. The hcp phase forms for all films including
films as thin as 2 nm at a temperature of around 370ºC similar to literature values13. We observe again, for the samples
heated to higher temperatures, what we found for samples heated up to 280ºC. The amorphous-fcc phase transition is
shifted to higher temperatures as films become thinner, and it does not form anymore for 3.6nm and thinner films. We
observe a direct transition from the amorphous to the hcp phase. This is quite surprising since the amorphous and
fcc phases are so similar while the hcp phase is very complicated and requires 9 layers of atoms to arrange in the
correct sequence. The c-axis of the hcp unit cell (c=1.7nm)13 almost becomes comparable to the film thickness. For
GST nanostructures we observed the opposite effect in an earlier experiment14: the amorphous-fcc phase transition
occurred at the same temperature for nanostructures and blanket films around 140ºC , but the fcc-hcp transition was
moved to higher temperatures for nanostructures compared to blanket (relatively thick, 50nm) films. The thinnest
GST films (1.5nm) investigated in the present study did not show any XRD peaks when heated up to 430ºC.
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Fig. 5: XRD peak intensity as a function of temperature for thin GST films. Films heated to 430ºC at 1ºC/s.

Figure 6 shows the theta-2theta scans of GST films after annealing to 280ºC and to 430ºC. The resolution of these
scans is relatively low and the line width is determined by the experimental set-up.
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Fig. 6: Theta-2theta scans of GST films after annealing to 280ºC (left) and to 430ºC (right).

We can observe again as in the time-resolved studies that the fcc peaks become very weak when the film thickness is
reduced, and that films of 2nm practically do not show any fcc peaks anymore, while they still show strong hcp peaks.
We investigated also a series of thin GeSb films. Figures 7 and 8 show the results.
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Fig. 7: XRD peak intensity as a function of temperature for thin GeSb films. Films heated to 430ºC at 1ºC/s.
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Fig. 8: Transition temperature as a function of films thickness (left) and the theta-2theta scans for thin GeSb films
after being heated to 430ºC (right).

GeSb crystallizes similarly to pure Sb in the hcp phase with slightly different lattice parameters. The transition for the
7nm thick film is very sharp and occurs at about 240ºC, slightly lower than we have reported for thicker films of 50
nm (255ºC)14. This might be due to that fact that the thicker film was not capped. It is known from the literature
that capping layers can influence the crystallization temperature Tx, and both, increased and decreased Tx have been
observed depending on the PCM and the cap layer material. We need to further investigate what effect an Al2O3 cap
layer has on Tx of GeSb. We find that with decreasing film thickness Tx is increased and the transition become broader
and extent over a larger temperature range. The theta-2theta scans indicate that even the thinnest film (1.1nm) shows
very weak diffraction peaks.
GeSb nanostructures were also studied. Results are shown in Figs. 9 and 10.
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Fig. 9: XRD peak intensity as a function of temperature for GeSb blanket film (uncapped) compared to
nanostructures. Films and nanostructures heated to 430ºC at 1ºC/s.
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We observed that all nanopatterns showed a clear sign of
crystallization. The size of the nanopatterns ranged from
20-55 nm and the spacing was either 80 or 100nm. Here we
found a small decrease of crystallization temperature with
decreased nanoparticles size. This is the first time that we
observe size effects caused by the nanopatterning. In
previous experiments with nanopatterns of 60nm or larger
the crystallization temperature of the nanopatterns agreed
with that of blanket films14. For the (uncapped) 30nm
thick reference film we find a transition temperature of
about 253ºC, similar to the previously reported 50nm thick
films. The theta-2theta scans after annealing of the
nanostructures show no size-dependent change in peak
position of the nanostructures compared to blanket films, but
a difference in texture, as it is evident also from Fig. 9.

Fig. 10: Crystallization temperature as a function of
pattern size for GeSb nanostructures.

The transition also becomes broader for smaller nanostructures, while it occurs over about 5deg for blanket film it
occurs over a temperature range of 10-20 deg for the nanostructures.
We investigated the ultra-thin films and nanostructures after heating using SEM and did not find any signs of
agglomeration in the films or deterioration of the nanostructures.
4. CONCLUSION
The scaling behavior of phase change thin films and nanostructures has been studied using time-resolved XRD. Thin
films of GST and GeSb as well as GeSb nanostructures were investigated. Thin films of GST (19nm) show the
amorphous-fcc phase transition at around 140ºC comparable to bulk GST. For thinner films (8.8nm) the transition
occurs at a higher temperature around 170ºC and for films of 3.6nm or thinner the fcc phase practically does not form.
The hcp phase however forms for all films including films as thin as 2nm at a temperature of around 370ºC similar to
bulk GST. The thinnest GST films (1.5nm) investigated in the present study did not show any XRD peaks when
heated up to 430ºC. For GeSb thin films we observe an increase in Tx with decreasing films thickness, while on the
other hand GeSb nanostructures showed a small decrease in Tx as the nanostructure size decreases. Films thicker
than 1.1nm show the crystalline hcp phase, and all nanostructures we investigated with sizes between 20 and 55nm
also showed clearly the crystalline phase. All these experiments indicate that scaling properties need to be measured
really as a function of PCM and also its environment (e.g., encapsulation or capping material). Both thin films and
nanostructures show a size dependent change in Tx, but none of the materials investigated here had a strong reduction
in Tx that would have implications on data retention in devices. Very thin films and small nanostructures showed still
clear crystallization which is an encouraging result regarding the scaling of phase change memory technology.
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