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The crystallization behavior of Ge2Sb2Te5 nanometric clusters was studied using X-ray diffraction

with in situ annealing. Clusters were made using a sputtering gas-phase condensation source,

which allowed for the growth of well-defined, contaminant-free, and isolated clusters. The average

size for the clusters is 5.76 1 nm. As-deposited amorphous clusters crystallize in the fcc cubic

phase at 180 �C, while for thin films, the phase change temperature is 155 �C. This observation

illustrates the scalability of the Ge2Sb2Te5 phase change from the amorphous to the cubic state in

three-dimensionally confined systems in this size range. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4769435]

Phase change materials (PCM) such as Ge2Sb2Te5
(GST) display unique properties that allowed for the devel-

opment of optical storage media, and are also good candi-

dates for application in non-volatile memory (phase change

random access memory (PCRAM)).1 Viable PCRAM appli-

cations call for bit volume much smaller than that of optical

media and this size reduction opens a number of questions

regarding the scalability of PCM, for instance, the size de-

pendence of the crystallization temperature Tx.

In this paper, the use of a sputtering gas-aggregation

method for the growth of GST nanometric clusters has

allowed the study of the phase transformation in isolated

amorphous particles. The crystallization of those clusters is

definitely observed and their crystallization temperature is

close to that of the bulk material, which is a surprising result

for such small particles. The presence of strain in the crystal-

line clusters has been observed. These two features—low Tx
and strain—challenge the assumption that the stress state has

a strong impact on the crystallization temperature in low-

dimension phase change materials.2

Many studies regarding the scalability of the PCM deal

with the thickness dependence of the amorphous to fcc crys-

talline phase transition in GST thin films.2–5 The transition

temperature is similar to that of the bulk—close to 155 �C—

for all films with thicknesses above 10 nm. Below that, the

increase in Tx differs from one study to the other: The largest

reported value is for 2 nm GST thin films deposited on Si

and covered with Al2O3, with Tx¼ 380 �C,3 while only small

changes in Tx are measured for GST films sandwiched by

ZnS-SiO2.
2,5 These studies illustrate that the cladding mate-

rial plays a significant role in the thickness dependence of

the phase transition.2,6 In phase change materials where the

phase transition is nucleation-dominated, two mechanisms

have been proposed regarding this effect. The first one con-

siders that a strong interface interaction between the PCM

and the cladding material impedes the nucleation of crystalli-

tes within the layer.7 The second one considers a correlation

between the mechanical stress state induced by the cladding

material, and the change in Tx.
2 One difficulty with this

approach is that, even in the case where the stress in the clad-

ding layer is known, the evaluation of the level of strain

induced in the embedded layer is delicate.8 In all cases, due

to the 3D confinement, clusters are the ideal system for

assessing the size effects that could alter the phase change

properties. On one hand, the interface effects are enhanced

due to a larger surface/volume ratio and, on the other hand,

for isolated clusters in a matrix the plastic relaxation is lim-

ited due to the confinement, which can thus affect strain state

of the PCM.

Some results with GST nanoclusters have been reported.

For nanoclusters made by electron beam lithography with

size above 20 nm, no significant change in Tx has been

observed9 while 15 nm nanoclusters obtained with diblock

copolymer transform directly into the hexagonal phase.10

The growth of GST clusters using laser ablation has been

reported, with discrepancies in the reported crystallization

behavior.11–13 The first results11 indicate that, for 15 nm size-

selected clusters, amorphous particles with irregular shape

are obtained when the annealing is below 200 �C, a mixture

of hexagonal and fcc phases is observed when the annealing

is above 300 �C, whereas the pure fcc phase is observed

when annealing is performed above 400 �C. A second report

indicates clusters with a mixture of amorphous and fcc phase

for all temperatures,12 while a third one indicates mostly

amorphous as-prepared particles transforming into a mixture

of hexagonal and fcc phases at 100 �C, and in a mostly fcc

phase at 200 �C.13 The main conclusion from these studies is

that both the cubic fcc and amorphous phases can be

observed in nanometric GST clusters. On the other hand, the

observation of an unambiguous phase transition from an

amorphous to a crystalline structure, at a definite tempera-

ture, has not yet been achieved. Moreover, in these studies,

the effect of the cladding material on the phase change prop-

erties of clusters has not been addressed.

0003-6951/2012/101(23)/233113/4/$30.00 VC 2012 American Institute of Physics101, 233113-1
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In this paper, we present measurements of the crystalliza-

tion of GST nanometric clusters with average size 5.76 1 nm,

embedded in alumina, and 10 nm GST thin films sandwiched

with alumina. Clusters and thin films are prepared in a UHV

chamber with a sputtering-gas phase condensation cluster

source, which allows for the growth of contaminant-free and

isolated ternary particles, and two additional standard sputter-

ing guns for the deposition of GST and alumina thin films.14

The cluster source consists in a magnetron sputtering head

inserted in a liquid nitrogen cooled tube: A Ge2Sb2Te5 solid

target is DC sputtered in a 0.1 mbar cold argon gas, which

makes the sputtered atoms condensate into nanometer-sized

clusters as they drift along the gas flow lines in the source.

Clusters are expelled through an iris diaphragm in the vac-

uum, forming a beam which is directed onto the sample in a

deposition chamber next to the cluster source. DC magnetron

is used for the sputtering of GST thin films (using the same

sputtering target as the one used for clusters) and RF magne-

tron is used for Al2O3. All depositions are made at room tem-

perature. Average cluster size measured with a time of flight

mass spectrometer is 5.76 1 nm at half maximum. Clusters

morphology was controlled by TEM microscopy: A low den-

sity layer of clusters was deposited on copper grids coated

with holey carbon films, covered with 1 nm Al2O3. The distri-

bution of clusters on the surface is random. No atomic planes

are visible for the clusters and the contrast is similar for all

particles, which is an indication that as-deposited clusters are

amorphous, as confirmed by X-ray analysis.23 GST thin films

and clusters compositions were measured with Rutherford

backscattering spectrometry and particle-induced X-ray emis-

sion. Thin films content is Ge:Sb:Te¼ 23:24:53 (63), very

close to the Ge2Sb2Te5¼ 22:22:56 targeted composition, and

clusters composition is 28:27:45 (63), indicating that the

GST clusters are slightly Te depleted, as often reported for

GST clusters or thin films,3,9,12,15 while the GST sputtered

thin films are very close to the nominal Ge2Sb2Te5 stoichiom-

etry. Within experimental resolution, the GST clusters compo-

sition is identical before and after annealing.

Two types of samples were prepared on Si substrates:

The first one consists in 10 nm Al2O3/10 nm GST thin film/

10 nm Al2O3, the second one consists in GST clusters multi-

layer with the following structure: 6 nm Al2O3/(GST clusters

layer with 0.07 ML of particles/3 nm Al2O3) � 4/3 nm Al2O3.

This later structure—with an average distance between clus-

ters of 15 nm—was chosen to avoid sintering effects during

annealing. A 20nm Al2O3 thin film was also grown for back-

ground subtraction in the X-ray experiments.

A first set of clusters and thin film samples was annealed

under vacuum at 200 �C, hereafter referred to as ex situ sam-

ples. Temperature was ramped at 10 �C/min, held at 200 �C

for 30min, and ramped down to ambient temperature. X-ray

diffraction measurements (k¼ 0.69654 Å) using synchrotron

radiation on the BM02 CRG-D2AM beamline (ESRF Greno-

ble, France) were performed at room temperature on both the

ex situ and as deposited samples. The spectra were recorded

in a reflection geometry with a 4� angle of incidence for the

incoming X rays, by means of a 2D CCD detector allowing

for a 2h range between 8� and 26�. For a second set of clus-

ters and thin film samples (in situ samples), X-ray diffraction

spectra were recorded as a function of the temperature during

the annealing, using a domed oven stage. Temperature was

increased in 10 �C steps after which spectra were recorded

for 26min. In all cases, the Al2O3 blank sample signal, meas-

ured in similar conditions, was subtracted to remove the

large background from the Si substrate.

The angular integrated intensity from the 2D images23 is

shown in Figure 1. For the as-deposited film, the two broad

maxima at 2h¼ 12.9� and 21.6� allow to conclude to an amor-

phous state. Their positions match the first two maxima in the

reported GST amorphous structure factor.16 For the annealed

film, Bragg peaks are observed. Their positions can be

indexed as a fcc cubic structure. The fcc out of plane lattice

parameter17 is 0.6016 0.001 nm that closely matches the lat-

tice parameter reported for bulk GST, 0.60117(5) nm.18 Due

to the existence of a texture (see the 2D image in supplemen-

tary material), the relative intensity for the peaks is not the

one expected for a powder pattern. With as-deposited clusters,

the X-ray diffraction spectra show no Bragg peaks. For the

200 �C annealed clusters, one clearly detects the (200) and

(220) diffraction Bragg peaks which are the two most intense

reflections expected in a powder diffraction pattern from the

bulk fcc phase. Indeed, the 2D images are isotropic, indicating

the absence of texture in clusters. As expected, due to the

smaller crystallite size, the peaks width for the clusters is

larger than for the thin film. Besides, a clear shift of the dif-

fraction lines with respect to the bulk position is observed.

The fcc out of plane lattice parameter for the crystalline clus-

ters calculated from the (200) and (220) peaks position is

0.611 nm6 0.002, that is 1.7% larger than for the crystallized

10 nm thin film.

In order to determine Tx, X-ray diffraction spectra for

as-deposited clusters and thin films samples were recorded as

a function of the temperature, with in situ annealing. The

change in the thin film (220) diffraction peak from 150 �C to

FIG. 1. X-ray diffraction spectra for (a)

as-deposited and 200 �C ex situ annealed

GST film and (b) clusters. Arrows in (a)

and (b) indicate bulk GST fcc peaks

position. Curves are shifted for clarity.
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180 �C is plotted in Figure 2(a). Although the oven dome sig-

nificantly decreases the signal to noise ratio, the peak intensity

at 180 �C is comparable with that of the ex situ annealed sam-

ple. At 150 �C, no signal is recorded above background level,

while at 170 �C, the peak is close to its final amplitude. It can

be observed that the (220) peak position at 180 �C is slightly

below that of the ex situ annealed thin film measured at room

temperature, which can be explained by the GST thermal dila-

tation.19 The (200) and (220) diffraction peaks for in situ

annealed clusters are shown in Figures 2(b) and 2(c). Despite

the high noise level and spurious background contribution, the

parallel rise in the amplitude for the two peaks is visible.

The crystallization temperature is obtained from the rise

in the integrated intensity for the in situ annealed thin film

and clusters (Figure 3) as the midpoint of the rise step. For

the thin film, the rise is almost parallel for the (111) and the

(220) peaks. Tx is equal to 155 �C and the crystallization is

almost completed at 160 �C. For the clusters, Tx is close to

180 �C and the rise in amplitude is more gradual, spanning

from 150 �C up to 200 �C. It has to be observed that the crys-

tallization temperature for the clusters is only 25 �C above

that of the 10 nm thin film. As already stated, there is no

report of Tx values for GST nanoclusters of such small diam-

eter in literature. One can try to compare our results with

those reported in Ref. 3 on thin films of various thicknesses,

embedded in Al2O3, which is the same cladding material as

used in our work. Strikingly the crystallization temperature

obtained for clusters (180 �C) is much less than the value of

340 �C reported in Ref. 3 for a thin film of 5 nm. Besides, Tx
for our 10 nm thin film (155 �C) is very close to the value

reported in Ref. 3 for films with thickness above 10 nm, that

is close to that of bulk GST.

The main result of the present work is the observation

that even for nanoparticles with a diameter as small as 5 nm

the phase change from the amorphous to the cubic state still

takes place. Another important observation is that the out of

plane lattice parameter for the crystalline fcc clusters is

larger than that of the crystallized 10 nm thin film, the latter

being very close to the lattice parameter measured in bulk

fcc cubic GST. Besides, the film Tx is close to the bulk GST

value. These two observations suggest a complete relaxation

of strain in the 10 nm thin film cladded with Al2O3. The

increase of the lattice parameter in clusters can be attributed

to a large out of plane tensile strain due to the interaction

with the oxide matrix. At the phase change, the bulk GST

density decreases by 5%.18 While in thin films, the stress

resulting from the volume change can be relaxed at crystalli-

zation by viscous flow in the amorphous phase,19 such a

mechanism is less likely to take place in small particles

embedded in an oxide matrix. The measured relative out of

plane lattice parameter increase in clusters with respect to

bulk GST value (1.7%) is close to one third of the volume

relative change during the amorphous to crystalline phase

change. This observation is in favor of an isotropic expan-

sion of clusters and suggests that the volumes of the amor-

phous and crystalline clusters are similar due to the strong

interaction with the embedding alumina, which is a far more

rigid material than GST.

As already mentioned, the last important result is the

small difference of Tx between clusters and thin films, in

contrast with the strong thickness dependence of Tx reported

in thin films cladded with Al2O3.
3 However, it is hard to

compare films and clusters since variations of Tx can result

from many factors including different aspects ratio, intrinsic

size effects, composition changes, matrix influence, and

stress or strain effects. In our case, a possible composition

effect could arise since, as compared with the films, the clus-

ters are Te-depleted. For instance, the crystallization temper-

ature in GST thin films with 10%–20% excess Sb is 15 �C

higher than for bulk films,20 and the crystallization tempera-

ture for Ge2Sb2Te4 is 175
�C.21 In order to evaluate the con-

sequences of the strain resulting from the phase change in

clusters, it is instructive to evaluate the elastic energy stored

in crystallized clusters since it will reduce the driving force

for the phase transition. As a consequence, the kinetics for

the phase change will be slowed, and during a temperature

FIG. 2. (a) In situ annealed GST thin film

(220) diffraction peak at different temper-

atures. Dotted line is the 200 �C ex situ

annealed thin film peak, measured at

room temperature. Arrow indicates the

bulk GST peak position. In situ annealed

GST clusters (200) diffraction peak

(b) and (220) diffraction peak (c) at dif-

ferent temperatures. In (b) and (c), curves

are evenly shifted to ease viewing, arrows

indicate the bulk GST peak position, and

dotted lines indicate the 200 �C ex situ

annealed clusters peak positions, meas-

ured at room temperature.

FIG. 3. Normalized integrated intensities for GST clusters (220) and (200),

and GST film (111) and (200) diffraction peaks as a function of temperature.
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scan, the transition temperature can be increased. In the case

of GST, this driving force is 200MJ/m3,22 while an order of

magnitude calculation for the elastic energy resulting from

the strain is closer to 10MJ/m3, which is not enough to

induce significant effects.2 Finally, intrinsic size effects

could explain the increase of Tx observed in clusters.7

In conclusion, we grew nanometric GST clusters by a

sputtering gas-aggregation technique, with narrow size dis-

tribution around 5.7 nm. Our results demonstrate the possi-

bilities offered by this synthesis technique for the study of

well calibrated, isolated or embedded clusters of phase

change materials. Moreover, this method is close to other

physical techniques used for PCM thin films deposition. The

as-grown clusters dispersed in alumina are amorphous and

transform into a cubic fcc crystalline phase at a well defined

crystallization temperature of 180 �C, which illustrates that

the phase change in GST is also present in the sub-10 nm

range. The crystalline clusters show a lattice parameter

larger than that of bulk cubic GST, which indicates a tensile

strain that is attributed to the interaction with the alumina

matrix. Despite this significant interface coupling, the large

increase in Tx observed in very thin GST films subjected to

large interface stress is not seen in clusters. These results

indicate that the scaling effect on the crystallization tempera-

ture in phase change material can be small, which is positive

for their application in highly scaled PCRAM devices.

We thank J. F. B�erar (Institut N�eel) for his help during

the ESRF experimental run and for the X-ray diffraction data

analysis. Funding for this work was provided by the RTRA

Fondation Nanoscience.
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