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Million-Atom Simulation of the Set Process in Phase
Change Memories at the Real Device Scale

Omar Abou El Kheir and Marco Bernasconi*

Phase change materials are exploited in several enabling technologies such as
storage class memories, neuromorphic devices and memories embedded in
microcontrollers. A key functional property for these applications is the fast
crystal nucleation and growth in the supercool liquid phase. Over the last
decade, atomistic simulations based on density functional theory (DFT) have
provided crucial insights on the early stage of this process. These simulations
are, however, restricted to a few hundred atoms for at most a few ns. More
recently, the scope of the DFT simulations is greatly extended by leveraging
on machine learning techniques. In this study, it is showed that the
exploitation of a recently devised neural network potential for the prototypical
phase change compound Ge2Sb2Te5, allows simulating the crystallization
process in a multimillion atom model at the length and time scales of the real
memory devices. The simulations provide a vivid atomistic picture of the
subtle interplay between crystal nucleation and crystal growth from the
crystal/amorphous rim. Moreover, the simulations have allowed quantifying
the distribution of point defects that controls electronic transport, in a very
large crystallite grown at the real conditions of the set process of the device.

1. Introduction

Chalcogenide glasses, such as the prototypical Ge2Sb2Te5 (GST)
compound, are exploited in non-volatile electronic memories, ei-
ther standalone[1–3] or embedded in microcontrollers,[4,5] and in
devices for in-memory and neuromorphic computing.[6–8]

These applications rely on a fast and reversible transforma-
tion between the crystalline and amorphous phases induced by
heating.[1] The two phases feature a difference in resistivity by
three orders of magnitude that allows encoding a binary infor-
mation which can be read out by a measurement of resistance
at low bias.[1] Amorphization of the crystal via melting (reset)
and recrystallization of the amorphous phase (set) are achieved
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by applying current pulses at higher
bias.[1,2] Partial recrystallization during
set or modulation of the size of the amor-
phous region during reset are also possi-
ble to obtain intermediate discrete or ana-
logic resistance levels for in-memory and
neuromorphic computing.[8]

The crystallization kinetics is thus a
key functional property that determines
the programming time of the memory
and as such it has been the subject of
extensive experimental and theoretical
studies over the years.[9] Experimental
works have shown that GST exhibits
a nucleation driven crystallization in
which several overcritical crystalline
nuclei form and then slowly grow.[10]

Other materials in this class, such as
AgInSbTe alloys,[10] feature instead a
growth driven crystallization which
mostly proceeds at the interface between
the amorphous inclusion and the crys-
talline matrix with no or marginal crystal

nucleation. This distinction depends, however, on the tempera-
ture and on the size of the amorphous region which is ruled by
the device architecture. Information on the crystallization kinet-
ics at the device level is obtained indirectly from electrical mea-
surements supplemented by phenomenological modeling of the
electrothermal processes (see Refs. [11, 12] for a review). The elec-
trothermal modeling, however, relies on several parameters on
the physical properties of the material which are only partially
known at the operation conditions of the device. Moreover, clas-
sical nucleation theory is typically applied which might be inac-
curate for very small critical nuclei (a few tens of atoms) as is the
case for GST in the temperature range of the set process.
On the other hand, molecular dynamics (MD) simulations

based on DFT provided crucial insights on the early stage of
nucleation and growth in models containing a few hundred
atoms.[13–20] Most recently, machine learning techniques[21,22] al-
lowed extending the scope of DFT methods by providing inter-
atomic potentials fitted on a DFT database that have enabled
large scale simulations of phase changematerials.[23–35] In partic-
ular, interatomic potentials generated with neural network (NN)
methods[21] enabled the simulations of a few thousand atoms for
tens of ns that provided information on the crystal growth velocity
in a wide range of temperatures for GeTe[24,36] and GST.[32] Very
recently, a Gaussian Approximation Potential (GAP)[22] for GST
allowed simulating the reset process (crystal melting) in a 532
980-atom model at a length scale close to that of the real mem-
ory device.[29] This is, however, the fast process in the memory
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Figure 1. a) Sketch of the active region of a PCM in the Wall architecture.[41] A semi-cylindrical region of a-GST is embedded in a crystalline matrix
(c-GST, not shown) and confined by dielectrics (SiO2) in the y direction and by the top and bottom electrods in the z direction. The heater in contact with
a-GST and embedded in SiO2 is also shown. b) Atomistic model of the PCM cell with 3D periodic boundary conditions. The gray regions correspond to
the confining materials (frozen GST, see text), the yellow region is the active amorphous semi-cylindrical dome, embedded in a crystalline matrix (not
shown). The smaller semi-cylindrical green region highlights the atoms inside the dome thermostatted at 880 K that mimics the hot spot generated by
the heater underneath (see text for simulation C). c) A front view of the model with atomic resolution. d) The same of panel c) with the semi-cylindrical
green region corresponding to the hot spot thermostatted at 880 K and the other green region in the upper part of the model that indicates atoms
thermostatted at 600 K in simulation B or at 300 K in simulation C (see text). The Ovito.[44] tool was used for the visualization and the generation of all
atomic snapshots of this article.

programming that requires MD simulations lasting a few tens
of ps.
In this work, we show that it is possible to simulate the slow

process in memory operations, i.e., the crystallization of the
amorphous phase (set) at the length and time scales of the real
memory devices, by exploiting the efficient implementation on
graphical processor units (gpus) of the DeePMD code[37–39] that
we used previously to generate a NN potential for GST.[32] MD
simulations of models with 2.795 million atoms have allowed us
to visualize at the atomic level the recrystallization of an amor-
phous dome embedded in a crystalline matrix on the time scale
of a few ns.

2. Results and Discussion

2.1. Modeling of the Phase Change Memory Cell

We modeled the active region of a phase change memory (PCM)
device in the Wall architecture[40] sketched in Figure 1a which
is used for embedded applications.[41] The active material is sur-
rounded by dielectrics, by the top electrode, and by the heater
which is a resistor that releases heat via the Joule effect. In the
Wall architecture, the increase in temperature in the active ma-
terial is mostly due to the heat released within the heater. A hot
spot is then generated within the GST in contact with the heater.
Self-heating through the Joule effect within the transformingma-
terial itself is much less important and is typically neglected.[42]

In place of the dielectrics and electrodes that confine the GST
film, we used a thin film (3 nm thick) of still amorphous GST

(a-GST) whose atoms were frozen at zero temperature to mimic
the high thermal stability of the materials surrounding the ac-
tive region. The simulation unit cell with 3D periodic boundary
conditions is shown in Figure 1b. The light gray regions corre-
spond to frozen a-GST atoms that mimic the surroundings of
the active GST film which consists in turn of a semi-cylindrical
amorphous dome embedded (yellow region) in a crystalline ma-
trix (not shown). The radius of the amorphous dome and the
thickness of the GST film along the z and y directions shown
in Figure 1b have values typical of the Wall architecture for em-
bedded memories.[43] The model contains 2.323 million mobile
atoms and 0.472 million atoms in the frozen layers. The semi-
cylindrical amorphous dome contains 786 412 atoms. A snapshot
of the model with atomic resolution is shown in Figure 1c.
To generate the model of Figure 1b,c, we started from cubic

GST at the theoretical density of 0.0309 atom/Å3.[32] The crys-
talline cubic matrix was built by replicating the model generated
inRef. [45] with a randomdistribution of Sb, Ge, and stoichiomet-
ric vacancies in the cationic sublattice. The amorphous confining
layers and the active amorphous dome were then generated by
heating these regions at 1400 K for 20 ps and then quenching to
600 K in 100 ps, while all the other atomswere always thermostat-
ted at 600 K. The amorphous confining layers were then frozen
in all the subsequent simulations.
For the simulation of the crystallization, we must consider

that thermal conductivity 𝜅 allows the latent heat released dur-
ing the crystallization to diffuse away from the crystal growth
front. At the same time, 𝜅 is also responsible for the heat
transfer from the hot spot at the heater to the bulk of the
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Figure 2. a) Fraction of atoms in the active region that are recrystallized as a function of time in the PCMmodel of Figure 1b, under different conditions
(simulations A/B/C, see text). b) Distribution of the size of crystallites nucleated inside the dome.

transformingmaterial. In the crystalline cubic phase, 𝜅 is mainly
due to phonons (0.4 W/mK) while electrons contribute about 10
% (0.04 W/mK).[46] In the amorphous phase, 𝜅 is due only to
phonons. In the supercooled liquid phase at temperatures above
the metal-semiconductor transition (M-SC),[47,48] the contribu-
tion of electrons to 𝜅 is supposed to be higher, although we do
not have a reliable estimate for this quantity. DFT simulations
estimated the M-SC transition in the temperature range 750–850
K in the supercooled liquid phase.[47] In our simulation, in the
lack of the explicit modeling of electrons, the thermal conduc-
tivity is sustained only by phonons which is, anyway, a reliable
approximation at the temperature conditions of the set process
(see below). The crystallization of the amorphous dome was sim-
ulated by controlling temperature in three different manners as
described below.
First, we performed a simulation by applying two independent

thermostats for atoms in the crystalline matrix and in the amor-
phous region at the same target temperature of 600 K. This pro-
tocol (simulation A) allows us to efficiently remove locally the la-
tent heat released during the crystallization. In a second simu-
lation (simulation B), we considered the other extreme in which
the latent heat is removed only by the upper electrode. This is
mimicked by applying a thermostat at 600 K only to a thin crys-
talline film 3 nm thick in contact with the frozen layers mimick-
ing the upper electrode, after having equilibrated both the em-
bedding crystal and the embedded amorphous dome at 600 K. In
a third and more realistic simulation (simulation C), we applied
two thermostats at two different temperatures. One thermostat
as above is applied only to a thin crystalline film 1.5 nm thick in
contact with the frozen layersmimicking the upper electrode and
set to 300 K. The second thermostat is applied to a small semi-
cylindrical region with radius 30 Å in the lower part of the dome
(see Figure 1d). The second thermostat is set to 880 K to mimic
the hot spot generated by the heater underneath, as was shown
by finite-elements simulations of the operation of the device in
Ref. [49]. Since in this architecture heat is mostly released by the
heater, as mentioned above, Joule self-heating within the trans-
forming GST material is neglected in the simulation. Moreover,
since the surrounding materials along y and z are frozen, they
have an infinite thermal boundary resistance. However, as shown
in Ref. [43], in the Wall architecture the main path for heat dissi-
pation is from the hot spot at the heater toward the top electrode

where we placed a thermostat to mimic heat dissipation. We then
expect that the condition of infinite thermal boundary resistance
with the surrounding has a minor effect on the overall behavior
of the device.

2.2. Simulation of the Set Process

We first analyze the results of simulation A with the dome ther-
mostatted at 600 K. The evolution in time of the fraction of the
recrystallized atoms is shown in Figure 2a, while snapshots of
the system at different times are shown in Figure 3. To identify
the crystalline nuclei, we used the local order parameter Qdot

4
[50]

that we considered in our previous work on the crystallization of
bulk GST.[32] Most of the crystallization takes place at the crystal-
amorphous rim which moves inwards with time, but crystal nu-
cleation is also present inside the amorphous dome.
The largest crystallite grown from the amorphous-crystal in-

terface contains 541 233 atoms which amount to 88 % of the to-
tal number of recrystallized atoms. The distribution of the size
of the smaller crystallites nucleated inside the dome is shown
in Figure 2b. About 75% of the atoms crystallizes rapidly in the
first 1.5 ns, then a slow down takes place due to the interac-
tion among several nuclei, about 55, formed within the dome.
The fraction of crystallized atoms then increases very slowly and
reaches a plateau around 80% at 3.5 ns. Most of the crystallites
nucleated inside the dome contains less than 3000 atoms, but a
few grow up to 12.000 atoms (see Figure 2b). These crystallites
are expected to undergo a coarsening on a longer time scale. In
our previous work[32] on the simulation of homogeneous crys-
tallization of GST at 680 K, it was shown that coarsening of the
smaller crystallites occurs on the time scale of 20 ns in a 27 000
atoms cell.
The crystal growth velocity vg of the crystallite growing from

the interface has been computed from the evolution of the radius
of the semi-cylindrical dome (Rc) and is given by vg = − dRc(t)/dt,

with Rc =
((
Vactive − N𝜌

−1
cubic

)
∕𝜋lc

) 1
2 where Vactive is the volume of

the active region,N is the number of crystalline atoms in the crys-
tallite, 𝜌cubic is the density of cubic phase and lc is the length of
the semi-cylindrical dome. On the other hand, vg of the crystal-
lites nucleated inside the dome can be estimated by assuming a
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Figure 3. a–e) Snapshots of the recrystallization of the amorphous region at different times (in ns) with the dome thermostatted at 600 K (simulation A).
Only recrystallized atoms that were originally present in the amorphous semi-cylindrical dome in Figure 1b,c are shown. Atoms belonging to the largest
crystallite growing form the outer amorphous-crystal interface are shown with the same colors of Figure 1c. At the end of the simulation, the largest
crystallite contains 541 233 atoms. The smaller crystallites nucleated inside the dome are shown each one in a different color. The fraction of crystallized
atoms (number f) belonging to the outer crystallite growing from the rim is given in each panel. A side view of the smaller crystallites (grains) embedded
in the largest one is shown on bottom right. These nucleated crystallites touch the confining walls on both sides along y (see Figure 1b).

spherical shape from vg = dR(t)/dt where the radius R is given by

R =
(
3N∕4𝜋𝜌cubic

) 1
3 .

The evolution of Rc(t) as a function of time in simulation A is
reported in Figure S1 (Supporting Information), along with the
radius R(t) of the six largest crystallites with a number of atoms
greater than 5000 (see Figure 2b). The assumption of a spherical
shape for the estimate of the crystal growth velocity in GST is a
good approximation for nuclei of the size reported here, as we
have shown in a recent work[51] in which we have compared this
scheme with the more general method introduced in Ref. [17]
that does not make use of any assumption on the shape of crys-
tallites. For the crystallite growing from the rim, the resulting vg
of 7.1 m/s is very close to the value obtained for the growth at 600
K of a crystalline slab in contact with the liquid (heterogeneous
crystallization) in our previous work (see Figure 6a in Ref. [32])
while for the six largest crystallites nucleated inside the dome the

average vg of 2.85 ± 0.4 m/s (see Figure S1, Supporting Informa-
tion) is slightly lower than the values reported for homogeneous
crystallization in Ref. [32]. The experimental crystal growth ve-
locity at 600 K is 2.4 m/s as inferred from differential scanning
calorimetry and under the assumption that crystallization is due
to the growth of preformed spherical nuclei.[52] The overall crys-
tallization time of a few ns of ourmodel is also consistent with the
width of set pulses of about 8–9 ns in cell with diameter of 50 nm
of Ref. [53]. The lower crystal growth velocity of the nuclei with
respect to the growth from the crystal-amorphous rim is due to a
geometric factor (the density of adsorption sites as a function of
the number of atoms in the nuclei) which depends on the curva-
ture of the growing surface. The contribution from the interface
energy term is instead negligible for the size of nuclei considered
here and at 600 K. We have addressed this latter issue in a previ-
ous work.[51] Anyway, it is not possible to compute vg from larger
nuclei than those considered here (see Figure S1, Supporting
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Information) because for longer times the nuclei start to inter-
act with each other. This interaction leads to a reduction of vg
with time (nucleus size), and not to the expected increase due to
the change in the geometric factor and to the lower impact of the
interface energy term.
We remark that the competition between nucleation and

growth from the rim is dependent on temperature because the
nucleation rate decreases very rapidly above 600 K.[32] The latent
heat releasedmostly in the outer crystallite growing from the rim
is expected to raise the temperature inside the dome and then to
reduce the nucleation rate. In simulation A described above, we
considered the extreme condition in which the latent heat is re-
moved locally by the thermostat on all ions. Indeed, in the more
realistic simulation B in which the latent heat is removed only
by a thermostat in the upper part of the model, mimicking the
top electrode, we observed an increase of temperature inside the
dome during the crystallization process and then the nucleation
of a lower number of crystallites. The evolution in time of the
fraction of the recrystallized atoms and distribution of the size of
the crystallites are shown in Figure 2. We observed nucleation in-
side the dome of 6 and about 55 crystallites in simulation B and
A, respectively. As a consequence, the size of the nuclei is larger
in simulation B than in simulation A. The equivalent of Figure 3
for simulation B and a 2D map of the temperature for different
simulation times are given in Figures S2 and S3 (Supporting In-
formation). The fraction of the recrystallized atoms from the rim
is 94 % of the total number of recrystallized atoms at the end
of simulation B. The crystal growth velocity from the rim is 8.4
m/s, while vg of the nuclei is 3 ± 0.3 m/s. The crystal growth
velocities are higher than in simulation A, because the temper-
ature is higher in simulation B both at the rim and inside the
dome, due to the latent heat that is removed more slowly and
in a more realistic manner from the active region. The evolution
in time of Rc(t) (rim) and, as an example, of the radius R(t) of a
single nucleus in simulation B is reported in Figure S4 (Support-
ing Information). Although the crystallization time and the frac-
tion of recrystallized atoms from the rim are overall qualitatively
similar in simulations A and B, there are some important differ-
ences which suggest that the latent heat of crystallization cannot
be completely neglected as occurs in some numerical electrother-
mal models.[11,12]

Finally, we discuss themore realistic simulation C with the hot
spot inside the dome and a second thermostat in the upper part of
the model. For simulation C, we report in Figure 4 the snapshots
equivalent to those in Figure 3 for simulation A. The number
of crystallites nucleated inside the dome is about 20, which is
lower than in simulation A and larger than in simulation B. The
evolution in time of the fraction of the recrystallized atoms and
distribution of the size of the crystallites are shown in Figure 2.
The 2D map of the temperature for different times in simu-

lation C is shown in Figure 5; the temperature is mediated in
the y direction (see Figure 1b) in a slice 48 nm thick at the cen-
ter of the model. The temperature close the confining walls is
higher than at the center of the model because the walls have
an infinite thermal boundary resistance (the atoms are frozen).
This effect is more evident in simulation C, because of the pres-
ence of the hot spot inside the dome. The crystal growth ve-
locity from the rim in simulation C is 5.1 m/s, while vg of the
nuclei is 4 ± 0.6 m/s. The difference with the results of sim-

ulations A and B (see above) is due to a different temperature
field that is lower at the rim and higher in the inner part of
the dome where the nuclei appear. The evolution in time of
Rc(t) (rim) and, as an example, of the radius R(t) of a single nu-
cleus in simulation C is reported in Figure S4 in the Supporting
Information.
Also in the more realistic simulation C, crystallization occurs

mainly by growth at the rim, the atoms in the crystallites nucle-
ated inside the dome amount to about 12.5 % of the total number
of recrystallized atoms. The predominance of the crystallization
from the interface is in agreement with the experimental work
of Ref. [54] in which the crystal growth velocities were extracted
from electrical measurements in a mushroom memory device
under the assumption of a growth-dominated crystallization. The
experimental value of the crystal growth velocity of Ref. [54] can-
not be directly compared with our results because the measure-
ments refer to a GST material doped to increase the stability of
the amorphous phase and the endurance of the device. A similar
competition between growth and nucleation has been reported in
a recent preprint in which a different machine-learned potential
was used to simulate the recrystallization of an amorphous dome
of Ge1Sb2Te4 in a 794 808-atom cell with temperature conditions
corresponding to our simulation A (uniform temperature of 600
K).[55] In this work, for a semi-cylindrical dome 5 nm thick and
with a radius of 25 nm, the fraction of atoms recrystallized from
the rim is only about 54 % of the total number of recrystallized
atoms. This result seems at odds with our findings in the similar
simulation A and in the more realistic simulations B and C, but
is also in disagreement with the experimental data of Ref. [54],
which, however, all refer to a different alloy composition than
that used in the simulation of Ref. [55]. As a general comment
to conclude this section, we remark that to minimize the cell-
to-cell variability in the device it would be desirable to reduce the
number and size of the crystallites nucleated within the dome, as
the recrystallization just from the crystal/amorphous rim would
lead to a more homogenous set state. Our simulations suggest
that this would be possible by raising the temperature of the hot
spot in the heater and by increasing the thermal boundary re-
sistance with the confining walls made of dielectrics. The ability
to control the heterogeneities in the recrystallized material and
to reduce grain boundaries is of particular relevance also for the
application of phase change materials in artificial synapsis and
memristors devices.[56]

2.3. Point Defects in the Recrystallized Material

The recrystallized system provides a very large model of the dis-
ordered cubic phase of GST grown at the realistic time scale
of the operation of the device. This model allows us to inves-
tigate the distribution of point defects, namely antisite defects
(cation-anion exchange), vacancies, and vacancy clusters on both
sublattices. These defects are of relevance for the electrical con-
ductivity of the cubic crystalline phase. It was shown that clus-
ters of vacancies on the cationic sublattice give rise to localized
states at the Fermi level,[57] while antisite defects are responsi-
ble for the formation of empty states close to the edge of the
conduction band[18,58] (see also Ref. [59] for a review). We re-
mark that in an ideal crystalline cubic GST with the rocksalt
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Figure 4. a–e) Snapshots of the recrystallization of the amorphous region at different times (in ns) with a thermostat in contact with the upper electrode
and the hot spot inside the dome (simulation C). Only recrystallized atoms that were originally present in the amorphous semi-cylindrical dome in
Figure 1b–d are shown. Atoms belonging to the largest crystallite growing form the outer amorphous-crystal interface are shown with the same colors
of Figure 1d. The largest crystallite contains 554 752 atoms. The smaller crystallites nucleated inside the dome are shown each one in a different color.
The fraction of crystallized atoms (number f) belonging to the outer crystallite growing from the rim is given in each panel. A side view of the smaller
crystallites (grains) embedded in the largest one is shown on bottom right. The crystallites nucleated far from the confining walls (see text) lead to the
formation of a polycrystalline region at the center of the model.

geometry, the face-centered-cubic (fcc) anionic sublattice if fully
occupied by Te, while the fcc cationic sublattice is randomly oc-
cupied by 40 % of Ge and Sb and by 20 % of stoichiometric va-
cancies, i.e., (□Ge2Sb2)c(Te5)a, where the subscript a/c stands for
anionic/cationic sites. We performed the analysis of the defects
in the larger crystallite grown from the rim in simulation A that
contains 541 233 atoms.
The largest crystallite is slightly Te-poor with a composition

Ge2.021Sb2.03Te5 which amounts to NGe = 120 617, NSb = 121 327
and NTe = 299 288 total number of Ge, Sb and Te atoms. The
missing Te atoms enrich the amorphous regions between the
crystalline grains. This composition arises, however, also from
the presence of vacancies on both the cationic and anionic sub-
lattice and of antisites Tec, Sba and Gea. The composition of the
other six largest crystallites nucleated inside the dome is given in
Table S1 (Supporting Information).

To assess the reliability of the NN potential in describing an-
tisite defects, we compared the formation energy of different de-
fects obtained from NN and DFT calculations within the frame-
work used to generate the NN potential itself.[32] We considered
the 270-atom supercell of the ideal cubic GST (random occupa-
tion of the cation sublattice with Ge/Sb and 20 % of vacancies)
generated in Ref. [45].We then switched a Te atomwith aGe atom
(Tec-Gea pair) or with an Sb atom (Tec-Sba pair) or we moved a Te
atom in a cationic vacancy (Te□). We considered three different
switches for each type of defect. The DFT formation energy is
1.60 ± 0.50 eV for Te□, 1.35 ± 0.10 eV for the Tec-Gea pair, and
1.10 ± 0.10 eV for the Tec-Sba pair. The root-mean-square-error
(RMSE) between DFT and NN formation energies is 0.28 eV for
Te□, 0.105 eV for the Tec-Gea pair, and 0.085 eV for the Tec-Sba
pair. Overall, the RMSE error is lower than the spread in the for-
mation energy due to different environments.

Adv. Electron. Mater. 2025, 11, e2500110 e2500110 (6 of 10) © 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 5. A 2D map of the temperature at different times in simulation
C. The xz plane (see Figure 1b) was divided into a 240 × 165 grid (39 600
pixels). The atomic temperature was then averaged over each pixel area
(2 × 2 Å2) and along the y direction in a slice 48 nm thick at the center of
the model, far from the confining walls along y. A Gaussian filtering was
then used to smear out the fluctuations.

We then identified the antisite defects in the crystallites from
the analysis of the partial coordination numbers (NCs).
For example, a Te atom on the anionic sublattice should have

NCTeTe = 0, while NCTeTe ≠0 for an antisite Te atom. Therefore,
we label a Te atom with NCTeTe ⩾ 3 as an antisite atom, by as-
suming that a cationic site could have at most three vacancies
as first neighbors on the anionic sites. Similarly, Gea and Sba
atoms were identified from the condition NCGeGe+NCGeSb ⩾ 3 or
NCSbGe+NCSbSb ⩾ 3, again assuming that an anionic site could
have at most three vacancies as first neighbors on the cationic
sites (see below). We found only 36 Gea, but 1606 Sba and 3457
Tec. Therefore, only a fraction of Tec arises from an exchange with
cations, themajority of Tec consists of Te atoms occupying the sto-
ichiometric cationic vacancies. The Tec, Sba, and Gea antisites are
overall 1.1, 1.3, 0.03 % of the Te, Sb, and Ge atoms. The number
of different antisites in the six largest crystallites nucleated inside
the dome is given in Table S2 (Supporting Information).
Then, we estimated the number of vacancies on the cationic

and anionic sublattices from the average coordination numbers
given in Table 1. The distribution of the coordination numbers
for anionic and cationic sites is shown in Figure 6. The num-
ber of cationic vacancies is obtained from the average coordi-
nation number of the atoms occupying anionic sublattice na
(see Table 1) as □c = (6-na)Na/6 where the factor six comes
from the presence of six nearest neighbors and Na is the num-
ber atoms occupying anionic sublattice (i.e., Gea, Sba and Tea).
Similarly, the number of anionic vacancies is obtained by □a
= (6-nc)Nc/6. This calculation yields the following composi-
tion including antisites and vacancies on the two sublattices

Table 1. Average coordination numbers for each chemical species in
the largest crystallite of recrystallized GST. nc and na indicate the aver-
age coordination number of atoms on the cationic and anionic sublat-
tice. The coordination in the ideal stoichiometric compound is given in
parenthesis.

nGe nSb nTe nc na

Coordination 5.97 (6.0) 5.96 (6.0) 4.93 (4.8) 5.97 (6.0) 4.90 (4.8)

(□0.9173Ge2.0155Sb2.0012Te0.0578)c(□0.0277Ge0.0006Sb0.0268Te4.9449)a to
be compared with the (□Ge2Sb2)c(Te5)a formula unit for the ideal
crystal with stoichiometric vacancies only.
About 10 % (0.91 vs 1.0) of the stoichiometric vacancies on

the cationic sublattice is filled by Ge, Sb and Te antisite (Tec). A
fraction of about 0.5 % of the anionic sublattice is also occupied
by vacancies.
The overall concentration of antisites is below 0.95 % which

means that the two sublattices are very strongly chemically or-
dered in a crystallite grown in a few ns at 600 K. This is at odds
with the recent finding of a strong chemical disorder during the
growth of the metastable cubic phase of the Sb2Te3 which is a
parent compound[60] of Ge2Sb2Te5 that can in fact be seen as a
pseudobinary alloy along the GeTe-Sb2Te3 tie-line in the ternary
phase diagram.
We then went a step further by analyzing the clustering of va-

cancies and antisites. The clustering of vacancies in the cationic
sublattice can be inferred from the distribution of the coordi-
nation numbers of atoms occupying anionic sublattice (mostly
Te) as shown in Figure 6. Most of these atoms are 5-coordinated
which means that they have a single nearest neighbor vacancy,
while about than 20 % of Te atoms have two nearest neighbor va-
cancies (fourfold coordinated), and about 5 % have three nearest
neighbor vacancies (threefold coordinated), and only 0.4% of Te
atoms are twofold coordinated. Regarding the clustering of anti-
sites, we consider two antisites belonging to the same cluster if
their distance is shorter than the next nearest neighbor distance
on the fcc sublattice (6.1 Å).
The distribution of the size of the clusters of antisites is shown

in Figure 7. Overall, 71 % of the antisites are isolated, while
1455 out of 5099 antisites are arranged in clusters of different
sizes.
About 3% of these clusters has a swapped pair of adjacent

atoms (Gea/Sba-Tec first neighbors), while most of the clus-
ters with two/three antisite atoms are either linear chains of
Te atoms or defective four-membered rings, such as isolated
AAAA or BBBB rings where A = Ge/Sb and B = Te, or a pair
of AAAB/BBBA rings forming a cube. Snapshots of the differ-
ent types of antisite clusters are shown in Figure 8. Overall, we
observed a rather large fraction of antisite defects (0.95 % of
the total number of atoms) which mostly form chains of Te-Te

Figure 6. Distribution of the coordination number for atoms in the anionic
(red) and cationic (blue) sites of the large crystallite grown from the rim
(541 231 atoms) in simulation A.

Adv. Electron. Mater. 2025, 11, e2500110 e2500110 (7 of 10) © 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 7. Number of clusters of antisites with different sizes. A snapshot
of a 5-membered cluster is given in the inset which is made of a pair of
AAAB/BBBA rings and a long chain of Te atoms.

homopolar bonds. According to the DFT calculations in
Ref. [18, 58], these defects give rise to localized states close to the
conduction band edge. Moreover, a sizable fraction of Te atoms
(5 %) are threefold coordinated due to the clustering of three va-
cancies on the cationic sublattice. These latter configurations are
responsible for localized states at the edge of the valence band as
shown by DFT calculations in Ref. [18, 57].

Figure 8. Snapshots of the different types of clusters of antisites.

3. Conclusion

In summary, we have shown that theNNpotential developedwith
the DeepMD code allows simulating the crystallization process of
the prototypical phase change compoundGe2Sb2Te5 at the length
and time scales of the real memory devices. This first multimil-
lion atom simulation of a model mimicking the real memory de-
vice in the Wall architecture, unveils the subtle competition be-
tween homogeneous crystal nucleation and crystal growth from
the crystal/amorphous rim and its dependence on the tempera-
ture profile generated by the programming protocol. The simu-
lations provided a vivid atomistic picture of unprecedented real-
ism of the operation of the memory device and they pave the way
to the simulation of more complex transformation at the device
scale such as the crystallization and phase separation in Ge-rich
GeSbTe alloys exploited in embedded memories[4,5] and whose
kinetics details are still largely unknown. Moreover, the recrystal-
lized system provided a very large model of cubic GST grown at
the real time scale of the memory operation which allowed us to
gain a statistically sound distribution of the defects (antisites and
vacancies) that are known to give rise to the localized states in the
band gap which control the electrical resistivity of the set state.

4. Computational Details

MD simulations have been performed using the NN potential
of Ref. [32], generated with the DeePMD package[37–39] by fit-
ting a database DFT energies and forces of around 180,000
configurations of small supercells (57-108 atoms). The Perdew–
Burke–Ernzerhof (PBE)[61] exchange and correlation functional
and norm conserving pseudopotentials were used.[62,63] The po-
tential was validated in Ref. [32] on the structural and dynamical
properties of the liquid, amorphous and crystalline phases and it
was then exploited to study the crystallization kinetics in the bulk
with supercells containing up to 12 900 atoms. The LAMMPS
code[64] has been used as MD driver with a time step of 2 fs and a
Nosé-Hoover thermostat.[65,66] We note that a 3 ns simulation of
our 2.795 million-atom model requires about 10 000 gpu-hours
of Nvidia Ampere 100 gpu on the Leonardo-booster machine at
Cineca (Bologna, Italy). The reliability of the PBE-DFT frame-
work in reproducing experimental data has been assessed on sev-
eral properties of GST, including the structural properties of the
amorphous phase (see Ref. [67] for a comprehensive comparison
with experiments and DFT results with other functionals), vibra-
tional properties and thermal transport of the amorphous and
crystalline phase[68–71] and crystal growth velocity in the super-
cooled liquid,[51] just to name a few relevant for the present work.
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