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Phase change materials possess a unique combination of properties, which includes a
pronounced property contrast between the amorphous and crystalline state, i.e., high
electrical and optical contrast. In particular, the latter observation is indicative of a
considerable structural difference between the amorphous and crystalline state, which
furthermore is characterized by a very high vacancy concentration unknown from
common semiconductors. Through the use of ab initio calculations, this work shows
how the electric and optical contrast is correlated with structural differences between
the crystalline and the amorphous state and how the vacancy concentration controls the
optical properties. Furthermore, crystal nucleation rates and crystal growth velocities of
various phase change materials have been determined by atomic force microscopy and
differential thermal analysis. In particular, the observation of different recrystallization

mechanisms upon laser heating of amorphous marks is explained by the relative
difference of just three basic parameters among these alloys, namely, the
melt-crystalline interfacial energy, the entropy of fusion, and the glass transition

temperature.

. INTRODUCTION

Phase change materials are very promising materials
for information technology. They are already used in
rewriteable optical data storage, where the pronounced
difference of optical properties between the amorphous
and crystalline state is used for data storage. This uncon-
ventional class of materials is also the basis of storage
concepts for replacement flash memories.'™® This raises
the question of which material properties are crucial for
these storage applications and which compounds posses
the required properties. Successful phase change alloys
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are characterized by a unique property combination. On
the one hand, they possess a pronounced contrast of op-
tical properties (reflectivity, transmission) between the
amorphous and crystalline state. Figure 1 shows a com-
parison of (b) the imaginary part of the dielectric function
for GeTe, a prototype phase change alloy, in comparison
with (a) the corresponding spectrum of GaAs. The pro-
nounced optical contrast displayed in GeTe is a unique
and rather rare property. Conventional semiconductors
such as GaAs or Si are characterized by a much smaller
difference in optical properties. Therefore, we need to
understand what causes the property contrast in phase
change alloys. The only plausible explanation is a con-
siderable structural difference between the amorphous
and crystalline state. Such a different atomic arrangement
could lead to different electronic states, which should
give rise to different optical properties.

Il. STRUCTURE AND PROPERTIES

In the following, we will discuss the structural prop-
erties of phase change alloys. However, optical contrast
alone is not sufficient. In data storage speed, for example,

© 2007 Materials Research Society



W. Wehic et al.: Phase change materials: From structures to kinetics

25 T T T T I T | T
w0k — GaAscrystalling |
— — GaAs amorphous
13= =
wl"-l
10+ =
5 b ==t
0 2 4 6 8 10 12
{a) L [eV]
60 T T T | T | T | T
s0H —— Gelecrystalline | —
L — — GeTe amorphous| -
40 H =1
o' 30 H =
20+ -
10+ —
L ey 4
0] 6 8 10 12
(k) E [eV]

FIG. 1. Imaginary part of the dielectric constant €, for (a) GaAs’® and
(b) GeTe,” a prototype phase change material, in the amorphous and
crystalline states. Note the pronounced difference in amplitude in
GeTe compared to GaAs and the larger band gap in the amorphous
state.

fast structural rearrangements are also required. In phase
change recording, crystallization times of a few nanosec-
onds have indeed been observed. While fast crystalliza-
tion alone is not uncommon and certain materials are
known for their fast crystallization processes, it is more
difficult to understand how crystallization can be fast in
materials where the atomic arrangement in the amor-
phous and crystalline state is very different. In the fol-
lowing, we will therefore start by discussing the struc-
tural properties of typical phase change alloys.
Recently Kolobov et al. provided extended x-ray ab-
sorption fine structure (EXAFS) data for GeTe and
Ge,Sb,Tes, which reveal a structural difference between
the amorphous and crystalline states.'®'! The most note-
worthy structural change is a rearrangement of the Ge
atom from an octahedral site in the crystalline state to a
tetrahedral site in the amorphous state. We have therefore
used density-functional theory to determine the relation-
ship between structure and energy for a typical phase

change alloy."? Luo et al. have already shown that den-
sity-functional theory can be successfully used for phase
change materials and predicted that suitable alloys
should exhibit a rocksalt structure and a number of s- and
p-valence electrons of more than four.'* For our calcu-
lations, we have used Ge,Sb,Te,. To determine the
atomic arrangement in Ge,Sb,Te,, a number of different
atomic arrangements have been considered. They include
the chalcopyrite structure, where every atom is tetrahe-
drally coordinated, the rocksalt phase, and the spinel
structure, where Ge has four nearest neighbors and Sb
and Te are octahedrally coordinated. All structures have
been calculated in supercells containing 56 atoms. The
resulting energy as a function of lattice size is displayed
in Fig. 2. It can be seen that the chalcopyrite structure has
a much larger lattice constant leading to a volume in-
crease of 30% compared to the rocksalt phase. As such a
large increase in volume is not found experimentally, this
phase will not be adopted in phase change alloys. The
lowest energy is found for a distorted rocksalt structure
where shorter and longer Ge-Te as well as Sb—Te bonds
are formed. Such a distortion pattern is characteristic for
a Peierls-like distortion.'> The atomic arrangement with
second-lowest energy is found for the spinel structure,
where Ge atoms have a tetrahedral coordination. This is
in line with the EXAFS analysis by Kolobov et al.,'' who
observed a tetrahedral arrangement of Ge atoms in the
amorphous state. The density of this phase is lower, as
can be seen from Fig. 2. The quantitative difference be-
tween these two phases is around 30 meV, in good agree-
ment with the observed heat of crystallization.'> Note
that the spinel structure we use to model the amorphous
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FIG. 2. Ground-state energy versus lattice constant for the undistorted
and distorted rocksalt, spinel, and chalcopyrite structures. Due to its
negligible energetic and structural relaxation, only the ideal chalcopy-
rite values are shown. The energy difference and lattice expansion
between the structure with lowest energy (distorted rocksalt) and the
structure with second-lowest energy, the spinel phase are in good
agreement with values for the energy difference between the crystal-
line and amorphous phase obtained by differential scanning calorim-
etry.12 (Data are from Ref. 13.)
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state in the Density Functional Theory (DFT) calcula-
tions still possesses long-range order, since the calcula-
tions are performed within a unit cell containing 56 at-
oms. Yet the pronounced optical contrast that is charac-
teristic for phase change alloys must be related to
differences in the short range order between the amor-
phous and crystalline states. Such differences can be rea-
sonably well described employing medium size unit
cells. Hence the most pronounced difference between the
two phases, i.e., the distorted rocksalt structure describing
the metastable crystalline state and the spinel structure
describing the atomic arrangement in the amorphous
structure, is the arrangement of the Ge atoms. However,
the electronic states of germanium do not exhibit major
changes upon the crystalline-amorphous phase transition,
as illustrated by Fig. 3. Here the difference in the density
of states between the rocksalt and the spinel structure is
displayed. It is noteworthy that a significant change of
states is observed close to the Fermi energy. This change
is mainly caused by differences in the p-states of Te,
even though Ge atoms are shifted the most if we compare
the arrangement in the rocksalt and spinel structure. An-
other interesting feature in GeSbTe alloys is the unusu-
ally high vacancy concentration in the crystalline state.
Ge,Sb,Te, exhibits 25% of its vacancies on the Ge/Sb

sublattice, while in Ge,Sb,Tes, 20% of the lattice sites
remain unoccupied.'®'® Here we investigate the role of
composition for “GeSbTe” alloys by a computational ap-
proach, namely by investigating systems with varying
amounts of Ge, Sb, and Te vacancies using ab initio
density-functional theory. We start with a hypothetical
Ge,Sb,Te, alloy with a rocksalt structure and a total
number of 64 atoms (16 atoms of Ge and Sb each, 32
atoms of Te) in the computational supercell and subse-
quently remove Ge and Sb atoms. As recent experiments,
as well as theoretical calculations, have found evidence
that the rocksalt structure is accompanied by consider-
able distortions around the ideal atomic positions in
GeSbTe alloys,'"'*'> we further relax the structures.
The formation energies of the obtained stoichiometries
are then calculated using the following equation:

AE = [E, + n,E(Ge/Sb)] — E(Ge,Sb,Te,) (1)

Here E(Ge,Sb,Te,) and E, denote the total energies of
the supercells with the original composition Ge,Sb,Te,
and of the composition resulting from the removal of Ge
or Sb atoms, respectively. E(Ge/Sb) is the energy of the
respective crystalline reservoir of Ge or Sb while n, de-
notes the number of vacancies created upon the removal
of the atoms. The results are displayed in Fig. 4(a) for the
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FIG. 3. Difference of the density of states (DOS) between the relaxed rocksalt and spinel structures for all atoms and for the s and p bands for
each element. The difference of the overall density of states shows an increase just below the Fermi level from 0 eV (= E,;) down to-5 eV, which
should be responsible for the optical contrast in the visible range observed on crystallization. The difference in the density of states can be
attributed mostly to the p orbitals of Te, as Ge shows a broad change in the s band well below the energies relevant only for the optical properties
but small differences in the p band. The changes in the Sb s and p band are in between the extremes Ge and Te. (Data are from Ref. 13.)
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FIG. 4. Formation energies for (a) Ge and (b) Sb vacancies for dif-
ferent concentrations of vacancies in the Ge/Sb sublattice. The corre-
sponding stoichiometries are marked above. Upon removing Ge atoms
the energy of the crystal lowers on the order of half an electron volt per
supercell. The distortions lead to a further reduction. (Data are from
Ref. 16.)

removal of Ge atoms and in Fig. 4(b) for the removal of
Sb atoms. Both structurally unrelaxed and relaxed (dis-
torted) rocksalt structures are shown here. The energy of
the crystal lowers upon removing Ge/Sb atoms from the
Ge,Sb,Te, crystal such that the removal from the
Ge,Sb,Te, crystal is energetically favorable, in striking
contrast to the behavior in Si or GaAs where vacancy
formation energies are large and positive (see, for ex-
ample, Ref. 20). Figure 4 also shows that it is even fa-
vorable to remove several Ge atoms from the Ge,Sb,Te,
supercell, with 4 Ge vacancies yielding a composition of
Ge, sSb,Te,. Five to six Sb vacancies are most favorable.
A second point apparent from Fig. 4 is that lattice dis-
tortions also play a crucial role. They lead to a consid-
erable further reduction in energy,'® which is in line with
earlier results by Gaspard et al.>'** So far, mainly alloys
along the GeTe—Sb,Te; pseudobinary line have been
known and used in phase change recording. These cal-
culations now lead to the prediction of novel phase
change alloys with higher structural stability in the crys-

talline phase away from the pseudobinary line. In the
following, we have experimentally produced these new
alloys by sputter deposition and tested their phase change
properties. The material has been deposited by direct
current magnetron sputtering. The background pressure
was approximately 10”7 mbar, and the working pressure
during sputtering in Ar ambient 3 x 10~ mbar. The
sputtering power was 20 W. The as-deposited films are
amorphous while the metastable crystalline phase of all
the novel alloys shows the characteristic peaks of the
rocksalt structure with lattice parameters of around 6 A
(Fig. 5) and no evidence for phase separation in the meta-
stable phase. Figure 6(a) shows the absorption spectra for
Ge,Sb,Te,, Ge, sSb,Te,, Ge,Sb,Te,, and Ge,Sb,Te,.
While the curves are very similar in the amorphous
phase, the absorption intensity increases significantly in
the crystalline phase if we move from Ge,Sb,Te, to
Ge, sSb,Te, and further to Ge,Sb,Te,. The absorption
spectra for Ge, sSb,Te, and Ge,Sb,Te, are similar. The
optical contrast—which is of great importance for the
optical data storage application of phase change materi-
als—in the novel compositions Ge, sSb,Te,, Ge,Sb,Te,,
and, in particular, Ge,Sb,Te, is therefore significantly
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FIG. 5. XRD diffractograms of Ge, sSb,Te,, Ge,Sb,Te, and
Ge,Sb, Te,. The diffractograms show a metastable phase after crystal-
lization of the as deposited amorphous phase by annealing at 200 °C
for 10 min. The peaks have been identified and attributed to the meta-
stable rock salt structure. (Data are from Ref. 16.)
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FIG. 6. Optical properties and recrystallization behavior. (a) The
imaginary part of the dielectric function is presented for the amor-
phous (solid lines) and crystalline phases (broken lines) of the
Ge,Sb,Te,~Ge,Sb,Te, alloys and of Ge,Sb, Te,. There is a systematic
increase in absorption with decreasing Ge and Sb vacancy concentra-
tions, which is consistent with the theoretical predictions. (b) Power
time effect diagram to show the recrystallization of the Ge, sSb,Te,
alloy after laser amorphization: Recrystallization leads to an increase
in reflectivity. It is observed that complete recrystallization is accom-
plished within 30 ns, which is sufficiently fast. (Data are from Ref.
16.)

more pronounced than in Ge,Sb,Te,. As the vacancy
concentration decreases when moving from Ge,Sb,Te,
to Ge, sSb,Te, and further to Ge,Sb,Te,, the data show
a clear trend toward increasing optical contrast for a de-
creasing number of vacancies. Such a stoichiometric
trend is of tremendous interest for the application of these
materials in optical data storage.

The suitability of any phase change alloy is deter-
mined also by the rapid and reversible phase transforma-
tion. The time limiting step in optical recording is recrys-
tallization,” which was investigated for all new alloys. In
Fig. 6(b), we present the recrystallization results of the
Ge, 55b,Te, alloy. It is clearly seen that complete recrys-
tallization proceeds after 30 ns, and this is comparable to
the values of the widely used Ge,Sb,Tes alloy (10 ns).
Thus the new alloys exhibit properties similar or even
superior to those of conventional phase change alloys
found along the pseudobinary line.

lll. KINETICS

As discussed above, phase change alloys are charac-
terized by a unique property combination that includes
rapid crystallization processes. In phase change alloys
that are typically used for prototype and commercial ap-
plications, crystallization (or recrystallization) of amor-
phous bits proceeds on a nanosecond time scale.”***
Therefore, it is important to understand why and for
which materials such fast crystallization phenomena are
to be expected. Crystallization is a well understood proc-
ess that is controlled by nucleation, i.e., the formation of
crystalline clusters in an amorphous matrix, and subse-
quent growth.”>~*’ Usually, crystallization of an under-
cooled liquid proceeds on a relatively long timescale just
below the melting (or liquidus) temperature 7;® since the
driving force for crystallization (Gibbs free energy dif-
ference between liquid and crystalline phase) is small,
even though the atomic mobility is large. Close to the
glass transition temperature Tg,12 crystallization also oc-
curs on a long timescale since the atomic mobility is low,
even though the driving force for crystallization is large.
The fastest crystallization of an undercooled liquid is
therefore observed at some intermediate temperature 7;,,,,
where T, < T}, < T;, where a good compromise between
driving force and mobility is established. While this be-
havior is conceptually well understood, it is usually chal-
lenging to determine experimental parameters that de-
scribe crystallization over a wide temperature range. This
is in particular true for phase change materials, for which
crystallization near 7 = T;,, occurs within timescales of
as short as about 10 ns.?® This makes it almost impos-
sible to perform systematic measurements of crystalliza-
tion parameters as a function of temperature near 7 =
T, Therefore, the extrapolation of such properties from
T ~ T, or T ~ T, where crystallization is slow, becomes
necessary. Frequently, measurements of crystallization
parameters close to T, are performed and used to predict
the crystallization behavior around T, by extrapolating
those parameters.”®>°

In the present study, crystallization parameters of
phase change films with different recrystallization
mechanisms in laser experiments, i.e., nucleation-
dominated and growth-dominated mechanisms,?”37—39
have been determined experimentally by atomic force
microscopy (AFM).***! According to Refs. 29, and 37—
39, Ge,Sb,Tes and Ge,Sb,Tes exhibit nucleation-
dominated behavior, while Ag, s5Ing 065Sbg 50T€0 20
(hereafter: Agln-Sb,Te) and Ge,,Sbgy exhibit growth-
dominated behavior. The 30-nm-thick thin films were
sputter-deposited on a silicon wafer by direct-current
magnetron sputtering.*' The samples were annealed in a
precise furnace of a power-compensated differential
scanning calorimeter (DSC) around the glass transition
temperature.'>*' Several AFM scanning and annealing

nt
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cycles were alternately performed, and the annealing
temperature always remained the same for the same
sample. Crystallization is observed in the AFM due to the
density change associated with the phase transition,
which appears as a local height change.*® Comparing
crystal sizes on subsequent AFM scans at the same lo-
cation revealed the crystal nucleation rate and the growth
velocity. The experiment was repeated at different tem-
peratures to determine the temperature dependence of
crystal nucleation rate and growth velocity.*' The acti-
vation energies for the growth velocity, as determined
from the slopes of the straight lines in Fig. 7, appear to be
in a similar range for all alloys. They are (2.90 + 0.05) eV
for Agln-Sb,Te, (2.74 = 0.03) eV for Ge,Sb,Tes, and
(2.35 £ 0.05) eV for Ge,Sb,Tes. In particular, the abso-
lute values for the crystal growth velocities are very simi-
lar for AgIn—-Sb,Te and Ge,Sb,Tes for a given tempera-
ture (Fig. 7), even though these two alloys are known to
exhibit a fundamentally different recrystallization
mechanism in the laser experiment.>’>° Therefore, the
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FIG. 7. Crystal growth velocity u obtained from atomic force micros-
copy measurements for Ge,Sb,Tes and Ge,Sb,Tes (nucleation-
dominated materials in laser experiments®’ ") and for the growth-
dominated material AgIn-Sb,Te. The activation energy for the growth
velocity (which is proportional to the slope of the fitting lines) is
similar for all alloys.*!
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different recrystallization mechanisms in the laser ex-
periment are unlikely to be a consequence of the differ-
ence in growth velocity.

In contrast, the nucleation rate was observed to be in
line with the different recrystallization mechanisms in
the laser experiment: Qualitatively, the crystal nucleation
rate can be represented by the number of crystals N per
unit surface area of the sample after complete crystalli-
zation of the sample surface. (Cross-sectional transmis-
sion electron microscopy showed that nucleation oc-
curred only heterogeneously at the film surface, not at the
film-substrate interface.*”) The crystal density N is
shown in Fig. 8. While N increases with increasing tem-
perature for the GeSbTe-based alloys, it is relatively low
and temperature-independent for Agln—Sb,Te. In conclu-
sion, Figs. 7 and 8 show that it is a reduced nucleation
rate rather than an increased growth velocity that distin-
guishes the growth-dominated material Agln—Sb,Te.
More details regarding the crystal nucleation rate study
can be found in Ref. 42.

Yet, this study does not answer the question why the
nucleation rate is lower for Agln—-Sb,Te than for the
GeSbTe alloys. Nucleation involves the creation of an
interface between the crystalline nucleus and the sur-
rounding molten or amorphous matrix. As a conse-
quence, the nucleation rate depends (i) on on the viscos-
ity of the undercooled liquid (which is primarily deter-
mined by the glass transition temperature T,), (ii) the
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FIG. 8. Crystal density N (number of crystals per unit area after com-
plete crystallization) obtained from AFM measurements. N is a quali-
tative representation of the crystal nucleation rate.*> The nucleation
behavior is in line with the recrystallization mechanism observed in
laser recrystallization experiments.>’~>° The increasing crystal density
with increasing temperature for the GeSbTe alloys extrapolates to a
very high crystal density around 7" = T;,,, which enables nucleation-
dominated re-crystallization.
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TABLE L. Lower limit for the product of o («, crystal-melt interfa-
cial free energy) and the entropy of fusion f.

Alloy o’B
Ge,,Sbgg 0.024
AgIn-Sb,Te 0.017
Ge,Sb, Tes 0.016
Ge,Sb,Tes 0.008

Note: Both o and 3 were determined by DTA and are given as normalized
and dimensionless parameters. For details, refer to Ref. 28. The higher the
product B is, the lower is the crystal nucleation rate. However, for a
complete description of the nucleation rate, the glass transition temperature
has to be taken into account as well as Ref. 12, 28.

entropy of fusion (3, and (iii) the crystal-melt interfacial
(free) energy o.'>® Values for T, have been measured
previously and found to be close to the crystallization
temperature upon furnace heating.'> The entropy of
fusion 3 has been measured by differential thermal
analysis.”® A lower limit for the crystal-melt interfacial
free energy o was estimated by undercooling liquid drop-
lets of phase change alloys in a differential thermal ana-
lyzer (DTA) and measuring the maximum degree of un-
dercooling upon cooling at a constant cooling rate.”®
Crystallization upon cooling was detected in the DTA by
recalescence (re-heat of the droplet by the release of the
heat of crystallization). The undercooling was maxi-
mized by embedding the phase change material in a lig-
uid flux of B,0Oj5. This helped to isolate the droplet from
the DTA crucible walls, which could act as heteroge-
neous nucleation sites. Additionally, B,O5 eliminates
nucleants from the surface of the droplet by dissolution
and inclusion.®

Table I shows the product o’ obtained from the DTA
experiments since the crystal nucleation rate / depends
on o’B, but not on « and B individually (see Ref. 28 for
details). I decreases with increasing o’B, but for a com-
plete description, the reduced glass transition tempera-
ture T\, (T, = T,/T)) has to be taken into account,'*%®
There is a clear trend toward reduced values of o for
nucleation dominated materials such as Ge,Sb,Tes as
compared to growth dominated alloys such as Ge,,Sbgg.
AgIn-Sb,Te and Ge,Sb, Tes exhibit similar values of o’,
but because T,, is higher for AgIn-Sb,Te than it is for
Ge,Sb,Tes, the nucleation rate for Agln—Sb,Te becomes
significantly lower than for Ge,Sb,Tes.'**®

IV. CONCLUSIONS

In summary, we have shown that the structural change
in octahedral phase change alloys upon amorphization is
accompanied by a substantial change in the electronic
properties. This correlation between structural and elec-
tronic properties is of great importance for the applica-
tion of phase change materials in electronic data storage.

The unusually high vacancy concentration—e.g., 12.5%
in Ge,Sb,Te,—arises from the fact that antibonding
states are occupied in the defect-free systems. Thus the
creation of vacancies decreases the total energy of the
system. The small energy differences between systems
with different defect concentrations and their different
properties allow for a systematic design of phase change
alloys for data storage.

Moreover, we have shown by AFM studies of thin
films of phase change materials that it is likely that the
crystal nucleation rate (but not the crystal growth veloc-
ity) determines whether a phase change material crystal-
lizes nucleation-dominated or growth-dominated during
the laser-induced recrystallization of amorphous marks
in a crystalline matrix. In addition, calorimetry studies
have answered the question why the nucleation rate is
higher for nucleation-dominated materials than for
growth-dominated materials: It was found that the
nucleation-dominated materials are characterized by
lower values of crystal-melt interfacial energy, entropy
of fusion, and reduced glass transition temperature.
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