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Strategies to reduce the incubation time for crystal nucleation and thus the stochasticity of
the set process are of relevance for the operation of phase change memories in ultra-
scaled geometries. With these premises, in this work we investigate the crystallization
kinetics of the phase change compound GeTe. We have performed large scale
molecular dynamics simulations using an interatomic potential, generated previously
from a neural network fitting of a database of ab initio energies. We have addressed the
crystallization of models of amorphous GeTe annealed at different temperatures above
the glass transition. The results on the distribution of subcritical nuclei and on the
crystal growth velocity of postcritical ones are compared with our previous simulations
of the supercooled liquid quenched from the melt. We find that a large population of
subcritical nuclei can form at the lower temperatures where the nucleation rate is large.
This population partially survives upon fast annealing, which leads to a dramatic
reduction of the incubation time at high temperatures where the crystal growth velocity
is maximal. This priming effect could be exploited to enhance the speed of the set
process in phase change memories.

1 Introduction

Chalcogenide alloys are exploited in non-volatile phase change memories (PCM)
thanks to their ability to undergo a fast and reversible transformation between the
crystalline and amorphous phases upon Joule heating.'® In PCMs the crystalli-
zation process of the amorphous phase takes place on the time scale of 10-100 ns
at temperature in between the glass transition temperature T, and the melting
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temperature Tp,. A detailed microscopic understanding of this process that sets
the writing speed of the memory is thus of great practical relevance.

In recent years, information on the crystallization process at the operation
conditions of the devices has been gained from ultra-fast differential scanning
calorimetry (DSC) of the two prototypical phase change compounds for PCMs,
Ge,Sb,Tes (GST) and GeTe.” " The experimental DSC data suggest that the high
crystallization speed originates from the high fragility of the supercooled liquid,
which allows for a high atomic mobility (low viscosity) at temperatures substan-
tially lower than T, at which the thermodynamic driving force for crystallization
is also large. Electrical measurement techniques have confirmed the non-
Arrhenius crystallization kinetics typical of a fragile liquid for GST confined in
a memory cell."*"** Time resolved transmission electron microscopy has also been
used to investigate the crystallization kinetics of GeTe close to Tp,."*

Recent analysis of the DSC data of GST by means of classical nucleation theory
(CNT)** shows that the homogeneous nucleation rate is maximal at 0.59 Ty, while
the maximal crystal growth velocity (few m s~') occurs at about 0.76 Tp,. In
a transient nucleation regime the overall crystallization rate depends on the
population of subcritical nuclei generated during the annealing process of the
amorphous phase from T to the temperature of maximal crystal growth velocity.
A large population of subcritical nuclei reduces the incubation time needed for
the formation of a postcritical nucleus. The shorter incubation time of melt-
quenched GST compared to the as-deposited amorphous phase is indeed
ascribed to the presence of quenched-in crystallites in the melt quenched phase.*

The population of subcritical nuclei can be enlarged also by pre-annealing the
system, as demonstrated in GST by Loke et al.'” who reported a dramatic reduc-
tion of the crystallization time from 5 ns to 0.5 ns upon application of a steady low
voltage before the application of the set pulse. The generation of such subcritical
crystallites is a priming effect that has been recently analyzed by Orava and
Greer® within CNT. In this latter work, it has been shown that the equilibrium
population of subcritical nuclei increases with temperature up to about 0.55 T,
and then it decreases, which explains the priming effect observed experimentally
and its fading once the temperature is allowed to decrease before the set pulse is
applied.”

The microscopic process of nucleation and growth in Ge,Sb,Tes has also been
addressed by molecular dynamics (MD) simulations based on density functional
theory (DFT).**2° Different crystallization conditions have been explored: either
the homogeneous nucleation in the annealed amorphous phase or in the
supercooled liquid, the growth of a supercritical nucleus introduced in an
amorphous matrix by different means, or the crystallization from a planar
amorphous/crystalline interface.’®*® A very recent work has also reported
a dependence of the incubation time for crystallization on the preparation
conditions of small amorphous models (108-atom) of Ge,Sb,Tes. Models gener-
ated by quenching from the melt in about 1.5 ns show shorter incubation time
than fast-quenched models due to the presence of a larger population of crys-
talline seeds, albeit they have been quantified just by the number of four-
membered rings typical of the crystalline phase.”* The priming effect resulting
from pre-annealing amorphous Ge,Sb,Tes at 420 K (just above T,) has been
directly simulated by DFT-MD in ref. 17 where it has been shown that the
annealing induces a prestructural ordering in the amorphous phase that
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facilitates the formation of critical nuclei during further annealing (the set pulse)
at higher temperatures. Preordering effects facilitating crystal nucleation were
also observed in other DFT simulations (460-atom cell) of Ge,Sb,Tes.”* In this
latter work, an easier crystallization was found in an amorphous model that
experienced a history of order.

Recently, DFT calculations also suggested a different strategy to reduce the
incubation time by suitably alloying the Sb,Te; compound with Scandium. The
stronger Sc-Te bonds (with respect to the Ge-Te and Sb-Te bonds in GST) are
responsible for the long lifetime of the Sc-Te square rings that act as crystalline
precursors facilitating the formation of postcritical nuclei.”®

In the case of the GeTe compound, large scale MD simulations of the crys-
tallization process have been performed using an interatomic potential generated
by fitting a large DFT database with a neural network (NN) scheme.>*?* Simula-
tions with the NN potential and cells containing up to 32 000 atoms allowed us to
study of the homogeneous crystallization®* and the crystal growth at the liquid-
crystal interface in the bulk® and in nanowires.”” The simulations provided
a quantitative evaluation of the crystal growth velocity as a function of tempera-
ture that validated the application of classical theory for the crystal growth
velocity.”® These simulations of GeTe, however, always considered the crystalli-
zation of the supercooled liquid obtained by quenching from the melt. In view of
the arguments discussed above on priming effects, it would be interesting to
investigate whether differences in the crystallization speed could be found by
heating the amorphous phase above T, with respect to the results obtained at the
same temperature in our previous work for the supercooled liquid generated by
quenching from Ty,.

To this end, we here report on the NN simulations of the crystallization process
of 4096-atom models of amorphous GeTe (a-GeTe) annealed at different
temperatures above T,. Two amorphous models were considered as generated by
quenching from Ty, in either 100 ps or 3 ns. The distribution of nuclei formed at
different temperatures and the crystal growth velocity of overcritical nuclei during
the annealing process are analyzed and the results are compared with our
previous simulations of the crystallization in the supercooled liquid phase.

2 Computational details

The molecular dynamics simulations were performed using the interatomic
potential for GeTe generated in ref. 26 by fitting a large DFT database by means of
the neural network method introduced by Behler and Parrinello.”® The database
consists of the DFT total energy of about 30 000 configurations of 64-, 96- and 128-
atom cells computed with the Perdew-Burke-Ernzerhof exchange and correlation
functional® and norm conserving pseudopotential as implemented in the
Quantum-ESPRESSO suite of programs.** The reliability of the potential was
validated in our previous works on the study of the properties of liquid, amor-
phous, and crystalline GeTe.***”*>*¢ The theoretical melting temperature of T, =
1001 K, obtained in ref. 32 from thermodynamic integration (or T,,, = 1023 K with
a slightly different setting), is close to the experimental value of 998 K.*” The MD
simulations were performed with the NN code RuNNer*® using the DL_Poly code
as the MD driver.* A stochastic thermostat was used to perform constant
temperature simulations with a time step of 2 fs.*
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The amorphous models in cubic 4096-atom supercells were generated by
quenching from 1000 K to 300 K in either 100 ps (fast-quenched model) or 3 ns
(slow-quenched model) at the fixed density of 0.0355 atoms per A®, which is very
close to the experimental one of 0.03327 atoms per A for the amorphous phase.**

The evolution of temperature with time during the quenching protocol in the
slow and fast-quenched models is reported in Fig. 1. In the slow quenching
protocol the quenching rate in the temperature range 500-700 K is higher than at
other temperatures to prevent crystallization (see Fig. 1).

The amorphous models were then heated in nine steps at temperatures of 500,
525, 550, 575, 600, 625, 650, 675, and 700 K. At each temperature the system was
equilibrated for 25 ps before increasing the temperature by 25 K in another 25 ps.
The overall annealing time from 300 K to 700 K is thus 9 x 50 ps = 450 ps. At each
step the system is then simulated at constant temperature for about 1.4 ns to
study the crystallization kinetics.

To identify the crystalline nuclei we used the local order parameter Qg(7),
defined for each atom i as
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where Yqr,(F;) are the spherical harmonics of the polar angles defined by the
versor #y, which links atoms i and j. The index j runs over the Ny(i) neighboring
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Fig.1 Temperature as a function of time for the slow (upper curve) and fast (lower curve)
quenching protocols used for the generation of the two a-GeTe models. The quenching
rate in the temperature range 500—-700 K is higher to prevent crystallization.
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Fig. 2 Distribution of the order parameter for crystallinity Qg for a snapshot of the crys-
talline and amorphous models (4096-atom) in 300 K simulations at their theoretical
equilibrium densities and two snapshots of the simulation at 675 K in which only a fraction
(x = 0.5 and x = 0.94) of the atoms is crystallized.

atoms, which include the third coordination shell of crystalline GeTe at its
theoretical equilibrium density. In our previous work> we showed that this order
parameter is suitable to define an atom as crystalline when Qs > 4.5. Two crys-
talline atoms are considered connected up to a cutoff distance of 3.6 A. These
choices ensure that atoms at the interface between the nuclei and the disordered
phase are also considered as crystalline. The distribution of the local order
parameter for crystallinity Qe is shown in Fig. 2 for the amorphous and crystalline
phases at 300 K and for two snapshots of the simulation at 675 K in which only
a fraction of the atoms is crystallized. The analogous parameter Q, was also used
in subsequent simulations.”® We use the Qs parameter for the sake of comparison
with the results of ref. 24 on the liquid phase supercooled from the melt where the
Qs parameter was also used.

3 Results

Before discussing the simulations of the annealed amorphous phase, we briefly
summarize our previous results on the crystallization of the supercooled liquid
quenched from T;,.* We observed two different regimes in our simulations with
4096-atom cells. At temperatures below 600 K several nuclei appeared on the time
scale of few hundreds of ps, while at temperatures in the range 600-675 K a single
overcritical nucleus appeared after an incubation time up to 350 ps long. Above
675 K, we did not observe crystallization over 2 ns due to the decrease of the
nucleation rate of overcritical nuclei approaching T;,. We then quantified the
radius R of the growing nuclei as R = (3V/47)""* where V is the volume of the single
crystallite defined by assigning the volume per atom of the bulk crystalline phase
(B-GeTe) to each crystalline atom in the nucleus. The use of the Voronoi polyhedra
actually gave very similar results for the crystallite volume. The crystal growth
velocity u of each nucleus was then obtained as v = dR/d¢ where ¢ is the time. A
clear linear growth of R with time was observed for the growing nuclei until
different nuclei start to interact with each other (at temperatures below 600 K)
slowing down the crystallization process.
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Turning now to the crystallization of the annealed amorphous model, we
consider first the fast-quenched model generated by quenching from the melt in
100 ps. In Fig. 3 we report the evolution with time of the total number of crys-
talline atoms at different temperatures.

Some differences can be outlined between the results obtained here and those
reported in ref. 24 on the supercooled liquid (see Fig. 1a in ref. 24). In contrast
with what was observed in the supercooled liquid quenched from the melt, at
temperatures above 550 K we do not see here an incubation time and the fraction
of crystalline atoms starts to increase with a clear slope from the very beginning of
the simulations (zero time in Fig. 3). After a fast growth in the number of crys-
talline atoms, the crystallization slows down once only about half of the simu-
lation cell is crystallized. On the contrary, in the simulation of the supercooled
liquid in ref. 24, nearly the whole cell (4096-atom large as well) crystallized on the
time scale of 1.5 ns was explored here. These differences originate from the fact
that in the annealing of a-GeTe a large population of subcritical nuclei is gener-
ated at lower temperatures (500-600 K) in the short time span of the heating
process from one step to the next (50 ps). This non-equilibrium population of
subcritical nuclei facilitates the formation of more than one overcritical nucleus
at higher temperatures. This leads to a reduction or even disappearance of the
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Fig.3 Evolution with time of the number of crystalline atoms N, at different temperatures
during the crystallization of the fast-quenched model (4096-atom) of a-GeTe (see text).
The model is heated from 300 K to 700 K in nine steps lasting 50 ps each. The system is
then monitored for 1.4 ns at constant temperature at each step of the heating process.
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incubation time, but once the growing overcritical nuclei start to interact with
each other the crystallization speed decreases. In fact, the atoms at the interface
between nuclei with different crystallographic orientations take more time to
order and to form a crystalline grain boundary. Coarsening of the different
crystallites was also observed. On the contrary, in the supercooled liquid of ref. 24
subcritical nuclei were very few and the stochastic formation of a single large
overcritical nucleus required an incubation time. On the other hand, the presence
of a single growing crystalline nucleus allowed for the crystallization of nearly the
whole simulation cell. At 700 K, no crystallization is observed in the supercooled
liquid because an overcritical nucleus was not formed on the time scale of 1 ns,
while crystallization is still observed in the annealed a-GeTe because of the
persistence of subcritical nuclei formed at lower temperatures.

The population of the subcritical nuclei at the different temperatures and at
different times for the annealed a-GeTe (fast-quenched model) is shown in Fig. 4.
The number of crystalline nuclei containing more than 8 atoms (panel a) or more
than 29 atoms (panel b) is shown. At lower temperatures an incubation time is
still present to observe the formation of a nucleus larger than 29 atoms, but at and
above 600 K a large fraction of larger nuclei (>29 atoms) are present at the very
beginning of the simulation. They are formed during the annealing process (50 ps
per step) and they survive at the higher temperatures.

This is a sort of priming effect: subcritical nuclei that form more easily at lower
temperatures (here at and below 625 K) are brought to high temperatures where
crystal growth velocity is higher. This effect is more evident by considering the
population of smaller nuclei (>8 atoms) in Fig. 4a. The number of crystalline
nuclei increases very fast in the temperature range 575-600 K and they survive in
part during the annealing at the higher temperatures. Then their number
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Fig.4 The number of crystalline nuclei containing (a) more than 8 atoms or (b) more than
29 atoms as a function of time in constant temperature simulations of the fast-quenched
model of a-GeTe. The evolution in time of the population of nuclei is reported at different
temperatures. The curves corresponding to the different temperatures are shifted by 15
units along the ordinate axis.
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decreases with time either because they coalesce forming larger nuclei or because
they disappear. Still their presence is sufficient to allow for the formation of more
than one overcritical nucleus with no incubation time. Snapshots of the crystal-
line nuclei at the beginning of the simulations at the different temperatures
during the annealing process is shown in Fig. 5. Subcritical nuclei formed at lower
temperatures survive during the heating process and continue growing leading to
supercritical nuclei at higher temperatures in the range 650-675 K.

In Fig. 6 we report the evolution with time of the radius R of different nuclei at
different temperatures from which we can compute the crystal growth velocity u =
dR/d¢. Since several nuclei are present, they interact with each other giving rise to
a spread in the crystal growth velocities. The maximum velocity at each temper-
ature, which corresponds to the nucleus interacting less with the others, is
compared in Table 1 with the results of ref. 24 on the crystallization of the
supercooled liquid quenched from Ty,. The crystal growth velocities are very
similar for the annealed amorphous phase and for the supercooled liquid up to
625 K, albeit slightly lower in the former one for most of the temperatures. This is
consistent with the lower diffusion coefficient D computed for the overheated
amorphous phase in our previous work.** We remark that the lower value of D in
the annealed a-GeTe is also resulting in part from the presence of the population

500 K 525 K 550 K

575 K 600 K 625 K

T Y

650 K

Fig. 5 Snapshots of the crystalline nuclei at the beginning of the simulations at different
temperatures during the annealing process. Only crystalline atoms according to the value
of the order parameter Qg (see text) are shown.
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Fig. 6 Evolution with time of the radius R of different crystalline nuclei at different
temperatures. The shadowed area indicates the time span over which the radius grows
linearly with time before interactions with other nuclei slow down the crystallization
process or it gives rise to coalescence or coarsening. The value of umnay refers to the
maximum velocity recorded at the given temperature while u is the value averaged over
the different nuclei.

of less mobile subcritical nuclei during the annealing process as evidenced here.
At higher temperatures the crystal growth velocity obtained here for a-GeTe is
sizably lower because the crystallites are already sufficiently large and numerous
to interact with each other, slowing down the crystallization.

As a word of caution, we remark that the maximum crystal growth velocity in
our simulations is overestimated with respect to experiments. A theoretical
maximum crystal growth velocity of about 7.5 m s~ was obtained in ref. 27 from

Table1 Crystal growth velocity at different temperatures for the annealed a-GeTe model
simulated here (fast quenched from the melt) and for the liquid supercooled below T, of
ref. 24. The maximum velocity is reported for annealed a-GeTe (see text and Fig. 6)

Temperature Amorphous annealed Liquid supercooled
(X) (this work), u (m s ™) (vef. 24), u (m s™")
500 0.6 0.45 + 0.3

525 0.8 0.75 £ 0.2

550 1.6 1.9 £0.5

575 2.1 2.2 £0.3

600 3.3 3.5+04

625 4.1 4.7

650 3.6 5.1

675 4.4 6.2
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the simulation of the crystal growth at a planar crystal/liquid interface, while
a maximum crystal growth velocity of 3.3 m s~' or 3.5 m s~ was measured by
time-resolved electron diffraction* or by ultra-fast DSC.'® This can be ascribed to
a theoretical overestimation of the atomic mobility as emerged from the
comparison of the viscosity computed by NN simulations®* with recent experi-
mental data for the supercooled liquid close to T,,.** It was actually shown that the
mobility (viscosity) in the DFT simulations of the supercooled liquid could be
reduced (increased) and brought to a better agreement with experiments using an
exchange and correlation functional that includes van der Waals interactions
(DFT-D2)* which are lacking in the DFT-PBE framework used in the generation of
the NN potential. The overestimation of the atomic mobility can also lead to an
overestimation of the priming effects observed here, as a higher atomic mobility
also implies a short incubation time within CNT.*>*

We repeated the analysis of the crystallization kinetics for a second a-GeTe
model generated by quenching from the melt at a much lower pace corre-
sponding to an overall quenching time from 1000 K to 300 K of about 3.0 ns. The
structural properties of the slow-quenched model was analyzed in our previous
work.*” The partial pair correlation functions are very similar for the fast- and
slow-quenched models as shown in Fig. 7; the same is true for the bond angle
distribution function and the distribution of the partial coordination numbers as
discussed in ref. 49. The distribution of ring lengths computed according to ref.
50 and shown in Fig. 8 is also similar in the slow- and fast-quenched models.

Still, in the slow-quenched model there is a sizable fraction of small subcritical
nuclei quenched-in at 300 K. They are evident in Fig. 9 which reports the evolution
with time of crystalline nuclei (>8 atoms) in the slow-quenched model at different
temperatures. The population of the nuclei at the beginning of the simulation at
the lowest temperature of 500 K is close to the quenched-in distribution at 300 K.
In the slow-quenched model the number of subcritical nuclei slightly increases
with time at constant temperature with respect to the value at the beginning of the

T T T T
1 ~
Total
0
=1t
° TeTe
0
1+
TeGe
0
1 -
0
0

Fig.7 Total and partial pair correlation functions of the two models of a-GeTe quenched
from the melt in either 100 ps or 3 ns (see Fig. 1).
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Fig. 8 Distribution of ring lengths in the slow- and fast-quenched models of a-GeTe (see
Fig. 1).

simulation up to 575 K which is close to the temperature of maximum nucleation
rate of 0.55 T, found in ref. 15 from a CNT analysis of the crystallization kinetics
of GST. Still, as it occurs in the fast-quenched model, a sufficiently large number
of subcritical nuclei survives at the highest temperatures to promote the forma-
tion and growth of overcritical nuclei with no incubation time. In fact, the overall
number of crystalline atoms increases smoothly with time at all temperatures
from the beginning of the simulation as shown in Fig. 10 until interactions
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Fig. 9 The number of crystalline nuclei containing more than 8 atoms as a function of
time in constant temperature simulations of the slow-quenched model of a-GeTe (see
text). The evolution in time of the population of nuclei is reported at different tempera-
tures. The curves corresponding to the different temperatures are shifted by 15 units along
the ordinate axis.
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Fig. 10 Evolution with time of the number of crystalline atoms N, at different temper-
atures during the crystallization of the slow-quenched model of a-GeTe (see text). The
model is heated from 300 K to 700 K in nine steps lasting 50 ps each. The system is then
monitored for 1.4 ns at constant temperature at each step of the heating process.

among the nuclei slow down the crystallization process at the highest tempera-
tures. We remark that, as observed in the fast-quenched model, the presence of
a large population of subcritical nuclei does not lead to an overall increase in the
crystal growth velocity but just to a reduction/disappearance of the incubation
time.

4 Conclusions

We have reported atomistic simulations of the crystallization kinetics of a-GeTe
annealed above T, at different temperatures in the range 500-700 K. The
results on the crystal growth velocity of supercritical nuclei are very similar to
those obtained in our previous work® for the supercooled liquid quenched in
steps from Tp,. The process of annealing of the amorphous models allows for the
formation of a large population of subcritical nuclei at the lower temperatures
where the nucleation rate is large and critical nuclei are small. The fast heating
protocol (50 ps for each step of 25 K temperature increase) allows the subcritical
nuclei to survive at the highest temperatures at which some of them dissolve, but
others grow becoming overcritical. This process leads to a disappearance of the
incubation time at all temperatures in the range 550-700 K and thus up to
temperatures where the crystal growth velocity is maximal and nucleation rate is
low.

This outcome provides further evidence on the viability of exploiting priming
effects to improve the set process in the ultra-scaled memory cell as suggested in
previous work.'”*® In ultra-scaled memories one might conceive that the whole
active volume can turn into the amorphous phase. Under these conditions and in
the lack of a crystal-amorphous interface, crystal nucleation might become the
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rate limiting step of the set process. Variability in the set process from cell to cell
is expected to exacerbate by shrinking the cell size due to the inherent stochas-
ticity of the nucleation process. Our results show that the incubation time and
thus the stochasticity of nucleation could be drastically reduced by properly
designing the heating protocol in such as way that the system spent a sufficient
time (actually just few tens of ps in our simulations) at lower temperatures where
the nucleation rate is large. Fast annealing can then result in the population of
subcritical nuclei at higher temperatures where some nuclei can grow overcritical
under conditions at which the crystal growth velocity is maximal.
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