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Models of the amorphous phase of the GeTe compound have been generated by depositing individual atoms on a sub-
strate by molecular dynamics simulations. This material is of interest for applications in phase change memories. The
kinetic energy of the atoms impinging on the surface was in the range 1.5-10 eV which is typical of magnetron sput-
tering growth. The simulations with up to 8000 atoms exploit a machine learning potential devised previously by our
group. The structural properties of the films depend very little on the energy of the impinging atoms in the range 1.5-
10 eV and they are also very similar to those of amorphous models generated by quenching from the melt, but for a
larger fraction of Ge-Ge bonds and Ge atoms in tetrahedral geometries in the films. We then simulated the crystal nu-
cleation and growth at 600 K which is close to the temperature of maximal crystal growth velocity exploited in the
memory devices. Despite the structural differences mentioned above, the kinetics of crystallization at 600 K is very
similar for the as-deposited and melt-quenched amorphous models.
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1 Introduction

Phase change chalcogenide alloys such as the flagship GesShyTes (GST) compound are ex-
ploited in different electronic and optical devices thanks to their ability to undergo a fast and
reversible transformation between the amorphous and crystalline phases upon heating [1, 2,
3,4, 5, 6]. The large difference in electrical resistivity and optical reflectivity between the

two phases allow encoding a binary information in electronic memories, named Phase Change
Memory (PCM), and in optical disks (DVD, blu-ray disks) [1, 3]. Various on-chip photonic
applications have also been realized by integrating phase change materials with optical waveg-
uides [7, 8, 9]. The possibility to induce a partial crystallization of the amorphous phase with
different levels of electrical resistivity is also exploited in neuromorphic electronic devices and
in-memory computing [10].

In PCMs the amorphization of the crystal (RESET process) and the recrystallization of the
amorphous phase (SET process) are induced by Joule heating via electrical pulses of differ-
ent duration and intensity [2, 3]. The SET is the slow process of the memory which assigns
the overall programming time. Large efforts have then been devoted in literature to study the
kinetics of crystallization of phase change materials under different conditions [2, 11, 12, 13].

Phase change materials are typically deposited by sputtering in the amorphous phase which
then turns into the crystalline phase by heating above the glass transition temperature T,
[14]. The reversible cycling between the crystalline and amorphous phases in the devices oc-
cur via melting of the crystal and amorphization by rapid quenching from the melt [2, 3].

There are several reports in literature showing that the crystallization process depends on

the preparation conditions of the amorphous phase. Crystallization is much slower in the as-
deposited (AD) amorphous films than in the melt-quenched (MQ) amorphous phase produced
for instance by laser irradiation of the AD samples [15, 16, 17, 18]. The difference in the crys-
tallization kinetics of AD and MQ samples is, however, dependent on the composition of the
alloy. For the binary GeTe, alloys for instance, this difference is very striking for the eutec-
tic composition Gey5Sbgs but it is less pronounced for the stoichiometric GeTe compound

[17, 18]. For the ternary GST alloy, experiments on laser induced crystallization yielded an
overall crystallization time of about 100 ns for AD samples and of less than 10 ns for the MQ
samples [16]. This behavior was ascribed to the presence in MQ samples of a non-equilibrium
distribution of quenched-in subcritical crystalline nuclei that reduces the incubation time for
crystallization once the amorphous phase is brought above T [16]. The presence of quenched-
in crystalline nuclei generated during the quenching was confirmed by fluctuation transmis-
sion electron microscopy in MQ samples generated by laser irradiation [19] or by Joule heat-
ing in a prototype PCM [20].

On the other hand, molecular dynamics (MD) simulations based on density functional theory
(DFT) revealed some inherent differences in the structural properties of AD and MQ mod-
els of GST [21]. In general, the DFT models of the amorphous phase of GST generated by
quenching from the melt display several different local environments [2, 22, 23]: Te atoms are
mostly 3-fold coordinated in a pyramidal geometry, Sb atoms are both 3-fold coordinated in
a pyramidal geometry and 4- or 5-fold coordinated in a defective octahedral environment (oc-
tahedral bonding angles but coordination lower than six), most of the Ge atoms are in pyra-
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midal or defective octahedral geometry while a minority fraction of Ge atoms (e.g. about 30
% in Ref. [22]) are in tetrahedral geometries. The tetrahedral configuration is favored by ho-
mopolar Ge-Ge bonds [22, 24, 25] which are present in the liquid and survives in the amor-
phous phase due to fast quenching. The AD model generated in Ref. [21] by depositing about
600 atoms with thermal (300 K) kinetic energy features more Ge atoms in a tetrahedral bond-
ing geometry (58 %) than those of a model with similar size generated by quenching from the
melt (36 %) [21]. As expected, the larger fraction of tetrahedra is also related to the presence
of a larger fraction of homopolar Ge-Ge bonds. The tetrahedral configurations are supposed
to hamper the formation of crystalline nuclei since atoms in the crystal are all arranged in

an octahedral bonding geometry. Although this is true below the glass transition which is of
relevance for the data retention of the memory, it is unclear to which extent the tetrahedra
present in the amorphous phase below T, survive at the high temperature conditions of the
set operation of the memory. DF'T simulations of the supercooled liquid show that tetrahedra
are clearly visible only below 600 K, [26] i.e. at temperatures lower than that corresponding
to the maximum crystal growth velocity exploited in the memory [27]. Therefore, it is un-
clear whether the difference in the fraction of tetrahedral atoms reveled by the DFT simu-
lations could be responsible for the differences in the crystallization kinetics of AD and MQ
samples measured experimentally for GST.

Still, another argument was raised in favor of the existence of polyamorphism in GST. Since
the bond lengths are shorter in the tetrahedral geometry than in the octahedral ones, a large
fraction of tetrahedra in AD models could also reconcile the disagreement between the the-
oretical bond length in MQ models generated by DFT by different groups and the system-
atically shorter experimental bond lengths which, however, mostly refer to AD samples [21,
22, 23]. We quote, however, Ref. [28] for a different view on this issue. A different choice of
the pseudopotential for Ge made in Ref. [28] lead to a higher fraction of Ge-Ge bonds in the
DFT models of GeySbhyTes which brought the bond lengths closer to experiments. A similarly
higher fraction of Ge-Ge bonds and tetrahedra was found for amorphous GeTe in Ref. [29]
where the same code and presumably the same Ge pseudopotential of Ref. [28] were used.
An additional shortening in the bond lengths with a further increase in the fraction of tetra-
hedra and a better agreement with experiments was found in Ref. [29] by including the van
der Waals corrections according to Grimme (D2) [30]. Note, however, that the fraction of
tetrahedra in Ref. [29] is computed in a different manner with respect to the other DFT works
mentioned above.

In the present work, we investigate the presence of polyamorphism in phase change materi-
als by performing large scale molecular dynamics simulations of the deposition process. The
resulting AD models allowed us to compare the crystallization kinetics of the AD and MQ
amorphous phases. We focus here on the GeTe compound which shares many properties with
the ternary GST alloys because of the availability of a machine learning interatomic potential
that allows simulating several thousands of atoms for several ns. The interatomic potential
for GeTe used here was generated by fitting a large database of DF'T total energies of refer-
ence structures with a high-dimensional neural network (NN) scheme [31, 32] . The genera-
tion of AD models containing 8000 atoms also allowed us to largely improve the statistical
accuracy in the analysis of the structural properties with respect to the relatively small 600-
atom model used in the previous DFT work on GST [21]. The NN results confirm a differ-
ence in the fraction of tetrahedra between the AD and MQ models as found previously for
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GST in Ref. [21]. This structural difference has, however, a little impact on the crystalliza-
tion kinetics which turns out to be very similar in our AD and MQ models.
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2 Computational details

Molecular dynamics (MD) simulations have been performed by using the NN interatomic
potential for GeTe developed in Ref. [31, 32]. The potential was originally obtained in Ref.
[31] by fitting a database of total energies obtained within DF'T by means of the method in-
troduced by Behler and Parrinello [33]. The database consists of the total energies of about
30000 configurations of 64-, 96-, and 216-atom supercells computed by employing the Perdew-
Burke-Ernzerhof (PBE) exchange and correlation functional [34] and norm conserving pseu-
dopotentials. The potential displays an accuracy close to that of the underlying DFT-PBE
framework whose reliability in describing structural and dynamical properties of GeTe and
other phase change materials has been validated in several previous works. [12, 13, 22, 23, 25|
In order to deal with surfaces and nanowires, a new version of the potential was generated

in Ref. [32] by enlarging the training set with about 5000 new configurations of crystalline
and amorphous GeTe (a-GeTe) in a slab geometry (128-atom supercell) and about 7000 new
configurations of crystalline, amorphous and liquid GeTe in a nanowire geometry (120- and
256-atom cells). We refer to the first version of the potential of Ref. [31] as NNP and to the
second version of the potential of Ref. [32] as NNP2. The transferability of NNP and NNP2
was validated in previous works on the simulation of crystallization and thermal conductivity
in the bulk and in nanowires and of the aging of the amorphous phase [35, 36, 37, 38, 39, 40].

The NNP2 reproduces the structural properties of crystalline GeTe slightly better than the
previous NNP version of Ref. [31] (see additional material of Ref. [32]). Moreover, the gen-
eration of the amorphous phase by quenching from the melt in 100 ps by constant pressure
molecular dynamics with NNP2 yields an equilibrium density at 300 K of 0.0315 atom/ A3,
This density is equal to the equilibrium density obtained by the DFT equation of state at
zero temperature of a model initially generated by quenching from the melt in constant vol-
ume DFT-MD at the fixed experimental density of 0.03327 atom/A® [31]. On the contrary,
the equilibrium density of NNP [31] was 0.03351 atom/A® which is closer to the experimen-
tal value of 0.03327 atom/A? for AD a-GeTe,[41] although it is higher than the equilibrium
density obtained by DFT as described above.

As we will see later, the crystal nucleation rate is strongly dependent on the density of the
amorphous phase. Part of the simulations were then repeated by adding the van der Waals
(vdW) correction according to Grimme (D2) by using the PBE parameters of Ref. [30] which
yields an equilibrium density of the amorphous phase higher than that obtained by NNP2
alone and closer to the experimental value, as we will discuss in Sec. III. Since our previous
simulations of the crystallization of bulk GeTe in Refs. [35, 36, 37, 39] did not include vdW
interactions, for the sake of comparison with previous results, we report here on simulations
of AD and MQ models that either include or neglect vdW interactions. MD simulations were
performed with the NN code RuNNer [42] by using the DL_POLY code [43] as molecular dy-
namics driver. The time step was set to 2 fs, and temperature was controlled with a stochas-
tic thermostat [44].

We generated AD and MQ models of GeTe to compare their structural properties and crys-
tallization kinetics. As already mentioned, a typical technique for the growth of phase change
materials is magnetron sputtering deposition. We emulated this process by depositing atoms
with mean kinetic energy in the 1.5-10 eV range which is typical of magnetron sputtering
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[45], although no detailed information on the actual energy distribution of atoms impinging
on the surface are available in the literature for the deposition of phase change materials.
First, we generated a 4000-atom bulk amorphous model by quenching from the melt in 100
ps (MQ model) at fixed density according to the protocol of Ref. [31]. This model was then
used as an amorphous substrate for the growth of the AD amorphous phase. Since we did
not know a priori what the resulting density of the AD models was, we chose as a substrate a
MQ model at the density of 0.03351 atom/A? close to the experimental one of the AD amor-
phous phase. The bulk model (MQ-high-p) was generated with a supercell of edges a = b =
62.0352 A and ¢ = 31.0176 A with 3D periodic boundary conditions. After equilibration at
300 K, the bulk model was cut along the z direction to generate a slab with two free surfaces.
The lower surface of the slab was frozen at the bulk positions while the upper surface was an-
nealed at 380 K for 50 ps. The final model was then used as a substrate for the deposition

of atoms that were inserted randomly (by keeping the overall GeTe stoichiometry) in a spa-
tial region 5 A thick at 30 A over the upper surface of the substrate. We performed three
different simulations with different average kinetic energy E,,. of the impinging atoms cor-
responding to 1.5, 5 and 10 eV that we refer to as AD-1.5, AD-5 and AD-10 in the following.
We chose a Gaussian distribution of the kinetic energy with a variance equal to Fg,./20. This
narrow distribution does not correspond to the typical energy distribution of deposited atoms
in magnetron sputtering [46]. Nevertheless, by repeating the simulation for different F,,. we
obtained detailed information on the dependence of the structure of the film on the energy

of the majority of incoming particles. The orientation of the velocity of the impinging atoms
is defined by the angles 6 and ¢ in spherical coordinates with respect to the growth direction
(z). The azimuthal angle 6 was chosen randomly within a Gaussian distribution centered at
zero with a variance of 27/45, i.e. a nearly vertical direction of the impinging atoms. The an-
gle ¢ was chosen instead randomly with a uniform distribution in the range 0-27.

The time interval between the deposition of two individual atoms must be sufficiently long
to allow for the dissipation the kinetic energy transferred to the substrate. In the experimen-
tal deposition process, this energy dissipation occurs easily for a typical particle flux of about
10'® atom cm™2 s~ which corresponds to a growth rate of 5 nm/s reported for phase change
materials. [47] In the simulations, the time interval between the deposition of two atoms is
set to 4 ps which corresponds to a particle flux of about 10** atom cm~2 s~! that is neces-
sarily much larger than in experiments to reduce the computational cost. To prevent over-
heating of the surface, the temperature is controlled by properly thermostatting the system
in the impact region and in the substrate region. The impact region extends from the surface
down in the sample to a depth of 20 A. The single deposition event consists of two steps: in
the first 2 ps the substrate is thermostatted at 300 K while the impact region has no thermo-
stat, in the subsequent 2 ps the thermostat is applied only to the impact region to bring the
surface to the target temperature of 300 K. After the deposition of 100 atoms all the system
is thermostatted at 300 K for 10 ps before starting a new bunch of depositions. We deposited
a total number of 4000 atoms over the 4000-atom substrate.

The structural properties of the AD models have been analyzed by selecting a subsurface re-
gion 15 A thick from 12 A beneath the surface and extending in the bulk up to 7 A above
the substrate. This region contains about 2000 atoms. The structural properties have been
computed at 300 K by averaging over a 30 ps trajectory. The distribution of ring size was
computed by using the code Atomes [48] and the algorithm of Ref. [49]. For AD models, the
distribution includes also the substrate.



WILEY-VCH

In the simulation of crystallization, we used the “dot-product” bond order parameter Qg [50,
51] to identify a crystalline atom for the sake of comparison with our previous work [35] which
we refer to for further details. We define an atom to be part of a crystalline region when its
value of Qg is larger than the threshold of 0.45 which was shown in Ref. [35] to discriminate
well between the amorphous/liquid and crystalline environments.
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3 Results

3.1 Structural properties of as-deposited amorphous GeTe

We first discuss the results of simulations with the NNP2 without vdW corrections. Three
snapshots of the deposition process of model AD-5 are shown in Fig. 1.

(c)

Figure 1: Snapshots of deposition process with impinging atoms with 5 eV kinetic energy. a) 4000-atom
model of the amorphous substrate, b) the growing model after the deposition of 2000 atoms, ¢) the final
model after deposition of 4000 atoms.

The structural properties of the film are weakly dependent on the kinetic energy of the de-
posited atoms in the range 1.5-5-10 eV as we will detail later. On the contrary, a very differ-
ent morphology is obtained by depositing atoms with thermal energy of 25 meV, a snapshot
of this latter model is shown in Fig. S1 in the Supporting Information (SI). The resulting
density of the film is very low (0.0252 atom/A?) compared to the equilibrium density of the
MQ model (0.0315 atom/A?) with the formation of a columnar structure and voids. The den-
sity of the AD film is measured in the region from 12 A below the surface to 7 A above the
substrate which is representative of the bulk-like region of the deposited film. The resulting
density of the models AD-1.5, AD-5, and AD-10 are 0.0321, 0.03183 and 0.03161 atom/A?’,
respectively, which is very close to the equilibrium density of the M(Q model (0.0315 atom/ A3,
with no vdW interactions). The density of the substrate decreases from the initial density of
0.03351 atom/ A3 to a value close to that of the growing film. The local density as a func-
tion of the depth in the film is shown in Fig. S2 in the SI. The very different morphology

of the film deposited with 25 meV energy atoms suggests that surface mobility is crucial for
the growth of a dense and homogeneous film. This outcome might partially result from the
very high deposition rate that we have chosen due to computational constraints. By reducing
the deposition rate, deposited atoms might have more time to diffuse on the surface before
the thermal spike fades away. On the other hand, the fact that the structural properties of
our films do not change significantly by changing the kinetic energy of the impinging atoms
from 1.5 eV to 10 eV at the same fixed deposition rate suggests that surface diffusivity is ac-
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counted for sufficiently well by our simulations with high energy atoms, otherwise we would
have expected a different morphology with the much hotter 10 eV energy atoms than with
atoms at 1.5 eV.

The structural properties of the three films (AD-1.5, AD-5, AD-10 models) at 300 K are an-
alyzed in terms of the pair correlation functions (Fig. 2a), distribution of coordination num-
bers (Fig. S3 in the SI), average partial coordination numbers (Table 1) and bond angle dis-
tribution function (Fig. S4 in the SI). The coordination numbers are obtained by integrating
the partial pair correlation functions up to the bonding cutoff of 3.00 A for Ge-Ge and Te-Te
bonds and 3.22 A for Ge-Te bonds. The same cutoff is used also in the analysis of the models
generated by adding the vdW interactions that we will discuss later. The structural proper-
ties mentioned above change very slightly among the three AD models which means that the
morphology of the film is not dependent on the energy of the impinging atoms in the range
1.5-10 eV. The AD models differ very slightly also from the MQ model, but for the fraction
of Ge-Ge bonds (see Ge-Ge partial correlation function in Fig. 2 and the Ge-Ge partial coor-
dination number in Table 1) that it is larger in the AD films.
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Figure 2: a) Partial and total pair correlation functions of deposited films AD-1.5, AD-5, AD-10 models cor-
responding to different average kinetic energy of the deposited atoms compared with the data for the MQ
model at the theoretical equilibrium density (see text). b) Partial and total pair correlation functions of

the deposited AD-5-vdW model generated with an average kinetic energy of the deposited atoms of 5 eV,
compared with the data for the MQ-vdW model quenched from the melt at the same atomic density of the
AD-5-vdW model (see text). Both the AD-5-vdW and MQ-vdW models are generated by adding vdW inter-
actions (see text).

The larger fraction of Ge-Ge bonds in the AD models is responsible for a larger fraction of
tetrahedral Ge atoms [24, 25] with respect to the MQ model as it can also be inferred from
the angle distribution functions in Fig. S4 in SI. The peak at about 90° for Ge atoms are due
to pyramidal and defective octahedral configurations while the weak peak at about 170 ¢ are
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Table 1: Average partial coordination numbers for the AD-1.5, AD-5, AD-10 models compared with the data
for the MQ model at the theoretical equilibrium density (see text). The AD-5-vdW and MQ-vdW data refer
to the models generated by including vdW interactions (see text). The MQ-high-p data refers to the model at
the density close to the experimental value without vdW interactions (see text).

MQ  AD-1.5 AD-5  AD-10  MQ-vdW AD-5-vdW MQ-high-p

with Ge  0.925 1.061 0.996 0.937 0.979 1.101 0.883
Ge with Te 2971 2.885 2.910 2.963 2.991 2.888 3.136
totale 3.895 3.946 3.906 3.900 3.970 3.989 4.019
with Ge  2.971 2.885 2.900 2.900 2.991 2.853 3.136
Te with Te  0.040 0.059 0.049 0.047 0.058 0.090 0.030
total 3.011 2.945 2.949 2.947 3.049 2.943 3.166

due to axial bonds in a defective octahedral configuration. The shoulder at about 109° due to
tetrahedra is slightly more evident in the AD models than in the MQ one (Fig. S4 in SI). A
quantitative measure of the fraction of tetrahedral environments can be obtained from the lo-
cal order parameter ¢ introduced in Ref. [52]. It is defined as ¢ = 1 — 23", (3 + cos ;1)
where the sum runs over the pairs of atoms bonded to a central atom j and forming a bond-
ing angle 0;;,. The order parameter evaluates to g=1 for the ideal tetrahedral geometry, to
q=0 for the 6-fold coordinated octahedral site, to ¢=5/8 for a 4-fold coordinated defective
octahedral site, and ¢=7/8 for a pyramidal geometry (three bonding angles of 90°). The dis-
tribution of the ¢ order parameters for the AD and MQ models are compared in Fig. 3a. As
discussed in previous works, [22, 53, 54] the fraction of Ge atoms in tetrahedral environments
can be quantified by counting the 4-fold coordinated atoms with ¢ in the range 0.8 < ¢ < 1.
The resulting fraction of Ge atoms in tetrahedral geometry (with respect to the total number
of Ge atoms) is reported in Table 2 for the different AD and MQ models. The distribution of
the different types of tetrahedra (isolated, corner- or edge-sharing) are also shown in Table 2.
The fraction of tetrahedra in the AD models falls in the range 45-48 % which is larger than
the value of 39 % of the MQ model. This result is in qualitative agreement with the DFT
simulations of GST in Ref. [21] which yielded a fraction of tetrahedra of 58 % and 36 % in
the AD and MQ models. One should consider that the thickness of the deposited GST film
in the DFT simulation of Ref. [21] is relatively thin with respect to our AD models. The av-
erage fraction of tetrahedra given above for our models is computed starting from 12 A be-
neath the surface. Closer to the surface the fraction of tetrahedra raises up to 55 % which is
closer to the DFT value of 58 % for GST of Ref. [21]. This is shown in Fig. S5 in SI where
the fraction of tetrahedra, averaged over thin slices perpendicular to the growth direction, is
reported as a function of the distance from the surface.

As we will in Sec. 3.2 the difference in the fraction of tetrahedra between the AD and MQ
model does not lead to a sizeable difference in the kinetics of crystal nucleation and growth.
To address other possible features affecting the crystallization kinetics, such as the density,
we generated an AD model by adding the vdW interaction a la Grimme which, as discussed
in Sec. 2, leads to a higher equilibrium density of the amorphous phase. Since, as we have
above, the structural properties of the AD films do not depend on the energy of the deposited
atoms in the range 1.5-10 eV, we generated a single AD model with vdW interactions just

for the intermediate energy of the impinging atoms of 5 eV. The density of the resulting AD

10
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Figure 3: a) Distribution of the ¢ order parameter for tetrahedricity of the 4-fold coordinated Ge atoms in
the AD-1.5, AD-5, AD-10 models, compared with the data for the MQ model at the theoretical equilibrium
density (see text). b) Distribution of the g order parameter of the 4-fold coordinated Ge atoms in the de-
posited AD-5-vdW model generated with an average kinetic energy of the deposited atoms of 5 eV, compared
with the data for the MQ-vdW model quenched from the melt at the same atomic density of the AD-5-vdW
model (see text). Both AD-5-vdW and MQ-vdW are generated by adding vdW interactions (see text). The
peak close to 1 is due to the tetrahedral geometry while the peak close to 0.625 is due to defective octahedral
geometries.

Table 2: Percentage of Ge atoms in tetrahedral environments and fraction of tetrahedra in isolated, corner-
and edge-sharing configurations for the AD-1.5, AD-5, AD-10 models compared with the data for the MQ
model at the theoretical equilibrium density (see text). The AD-5-vdW and MQ-vdW data refer to the mod-
els generated by including vdW interactions (see text). The MQ-high-p data refers to the model at the den-
sity close to the experimental value without vdW interactions (see text).

MQ AD-1.5 AD-5 AD-10 MQ-vdW AD-5-vdW MQ-high-p

Tetraedra fraction (%) 39 46 48 45 37 44 34
Isolated (%) 7 7 7 8 8 8 10
Corner-sharing (%) 75 78 76 73 79 81 75
Edge-sharing (%) 18 15 17 19 13 11 15
Face-sharing (%) 0 0 0 0 0 0 0

11
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model, named hereafter AD-5-vdW, of 0.0346 atom/A? is higher than the value of about 0.0315
atom/A3 of the AD (and MQ) models generated without vdW interactions. The experimen-
tal value for a-GeTe of 0.03327 atom/ A3 is midway between the density of the models gen-
erated with and without vdW interactions (about + 5 %). The structural properties of the
AD-5-vdW model are compared with those of a model quenched from the melt at the same
density of 0.0346 atom/A% (MQ-vdW) in Figs. 2b (pair correlation functions) and 3b (g or-
der parameter) and Figs. S6-S7 in the SI (coordination numbers and bond angles distribu-
tions). The average coordination numbers, the fraction of tetrahedral Ge atoms and the frac-
tion of the different types of tetrahedra are reported instead in Tables 1 and 2. The compari-
son between AD-5-vdW and MQ-vdW models is overall very similar to the analysis reported
above for the models generated without vdW interactions which also means that the differ-
ence between AD and MQ models are only slightly dependent on the density. In particular,
the fraction of tetrahedra in the as-deposited AD-5-vdW model is 44 % as compared to a
value of 37 % for the MQ-vdW model, similarly to the results obtained without vdW inter-
actions. In spite of a moderately different fraction of tetrahedra, the crystallization kinetics is
very similar for the AD and M(Q samples as we will discuss in the next section.

3.2 Crystallization kinetics of as-deposited amorphous GeTe

The crystallization of M(Q amorphous GeTe was studied by large scale simulations with the
NNP and NNP2 in our previous works.[32, 35, 36, 39] Before discussing the crystallization of
the AD models, we briefly summarize the results of our previous works. We previously simu-
lated the homogeneous crystallization of the supercooled liquid at different temperatures,[35]
the crystal growth in a slab model with an interface between the crystal and the supercooled
liquid, [36] and the homogenous crystallization of an amorphous model heated above the glass
transition temperature.[39] In all these simulations we used the NNP of Ref. [31] that, as we
mentioned in Sec. II, yielded a theoretical equilibrium density of 0.03351 atom/ A3 which is
very close to the experimental value for a-GeTe (0.03327 atom/A? from Ref. [41]) and for the
liquid at the melting temperature T,,,= 998 K (0.0334 atom/A? from Ref. [55]). The NNP
theoretical equilibrium density of a-GeTe is, however, higher that the theoretical equilibrium
density obtained within the DFT framework (0.0315 atom/A? from Ref. [31]) from which the
training database was built. The better agreement with experiment of the NNP result with
respect to the DFT ones is, therefore, fortuitous. Anyway, the NNP simulations of crystal-
lization of GeTe in Refs. [35, 36, 39] were performed at a fixed density of 0.03327 atom/A?.
In the homogeneous crystallization of the supercooled liquid at this density (4000-atom su-
percell) we observed two different regimes. At temperatures below 600 K several nuclei ap-
peared 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
by approaching T,,.[35] The simulations also provided a quantitative evaluation of the crys-
tal growth velocity which amounts to 0.45-6.2 m/s in the temperature range 500-675 K that
validated the application of the classical nucleation theory (Wilson-Frenkel formula for crys-
tal growth velocity [56]).[35] Moreover, the simulation of crystallization of the amorphous
phase overheated in the same temperature range yielded crystal growth velocities similar, al-
beit slightly lower, than those obtained for the supercooled liquid (see Table 1 in Ref. [39]).
Since in PCM the supercooled liquid is embedded in a crystalline matrix, its density is ex-
pected to fall within the equilibrium density of the crystal and that of the liquid. Because of
this, the effect of pressure on the crystallization kinetics was evaluated in Ref. [35] with the
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NNP [31] by repeating the simulation of the homogenous crystallization at the higher den-
sity of 0.0357 atom/ A3 corresponding to the theoretical density of the crystal. At this higher
density, we observed a reduction in the crystal growth velocity by about a factor two with re-
spect to those obtained at the density of the amorphous phase. A change in the incubation
time by increasing density was not documented in Ref. [35], but anyway it must be limited to
a fraction of ns. Crystal growth at the crystal/liquid rim was simulated instead in Ref. [36]
with the NNP [31] and in Ref. [32] with the NNP2 devised there to address the crystalliza-
tion of a GeTe nanowire. As already stated in Sec. II, the same NNP2 suitable to describe
surfaces and nanoparticle is used in the present simulations of the AD and MQ models. We
also highlighted previously in Sec. II that the NNP2 provides a theoretical equilibrium den-
sity of MQ a-GeTe equal to the DFT one (0.0315 atom/A?) but lower than the experimental
one (0.03327 atom/A?). However, the simulations in Ref. [32] with the NNP2 were performed
at the experimental density of the liquid which is very close to the density chosen for the sim-
ulation with the NNP in Ref. [36]. As a consequence the crystal growth velocities obtained in
Refs. [36] and [32] are very similar.

The dependence of crystal nucleation on the density of a-GeTe was analyzed in a more recent
paper by another group [57] where a different NN potential was developed. It was shown that
the incubation time for nucleation is strongly dependent on the ability of the NN potential

in describing the energy difference between flat and puckered 4-membered rings. It is known
that the formation and reorientation of 4-membered rings play a crucial role in the crystal
nucleation,[2, 11] as these are the building blocks of the crystalline phase. The energy bar-
rier for the transformation from a puckered to a flat 4-membered rings is therefore expected
to control the nucleation rate. In Ref. [57] it was shown indeed that a revised NN potential
fitted on a training set which includes information on such an energy barrier leads to incu-
bation times for nucleation of about 7 ns and 17 ns (at a density of 0.0337 atom/A®) in two
different runs at 500 K with respect to a value of a few hundreds of ps reported in our previ-
ous work [35]. Nucleation was not observed instead over 20 ns at temperatures in the range
550-650 K. [57] Moreover, it was also shown that by increasing the density to 0.0361 atom/A3
the incubation time decreases to a fraction of ns at 500 K and to less than 3 ns in the tem-
perature range 550-650 K.[57]

The strong dependence of the incubation time for nucleation on atomic density highlighted

in Ref. [57] is confirmed by our simulations. The fraction of a crystalline atoms as a function
of time (see Sec. II for definition) is reported in Fig. 4 for two MQ models at 600 K at differ-
ent densities: i) the higher density of p=0.03351 atom/A?, used in our previous works (MQ-
high-p),[32, 35, 36, 39] and close to the experimental value, and ii) the theoretical equilibrium
density of the NNP2 melt-quenched model of 0.0315 atom/A3 (MQ). At the higher density
(MQ-high-p) an incubation time of a fraction of ns is observed above which several fast grow-
ing nuclei appear, while at the lower density (MQ) an overcritical nucleus appears only after
about 3.5 ns. A similar behavior is observed in asdep model (AD-5) annealed at 600 K which
features a density (p= 0.03183 atom/A?, see Sec. 3.1) close to that of the MQ model. A se-
quence of snapshots of the simulation of the AD-5 model is reported in Fig. S8 in the SI. Nu-
cleation and growth on the time scale of a few ns is observed also at the lower temperatures
of 550 K (Fig. S9 in SI) and 500 K (Fig. S10 in SI). The total number of crystalline atoms
as a function of time is reported for the MQ and AD-5 models at 600 K in Fig. S11 and for
the AD-5 model at different temperatures in Fig. S12. Just a single overcritical nucleus is ob-
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served in the MQ model at 600 K and in the AD-5 model at 500 K and 600 K while two nu-
clei appear in the AD-5 model at 550 K in the time span of 5 ns. Overcritical nuclei form in
the bottom part of the slab at 600 K and 500 K, but also at the surface at 550 K. As men-
tioned above, 4-membered rings were shown in previous works to play a crucial role in the
crystallization kinetic. The distribution of rings length for MQ models at different densities
are compared in Fig. S13 in SI with those of the AD-5 model at 300 and 600 K before crystal
nucleation takes place. As expected, a larger fraction of tetrahedra results in a lower fraction
of 4-membered rings, although the differences are rather tiny for our models.
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Figure 4: Evolution in time of the fraction of crystalline atoms (4000-atom cell) during the crystallization at
600 K of melt-quenched models of a-GeTe at different densities. The crystalline atoms are identified by the
Qs bond order parameter (see Sec. IT). The curve labelled MQ-high-p refers to a model at the higher density
of p=0.03351 atom/A? equal to that used in our previous works [32, 35, 36, 39] and close to the experimental
value. The curve labelled MQ refers to the lower density of 0.03183 atom/ A3 which corresponds to the theo-
retical equilibrium density of a-GeTe generated by quenching from the melt in a constant pressure simulation.
The curve labelled MQ-vdW refers to simulations with vdW interactions at p=0.0346 atom/A? (MQ-vdW)
corresponding to the density of the AD films generated by adding vdW interactions. Only the simulations of
the latter MQ-vdW model includes vdW interactions.

Still, no difference between AD and M(@Q models arose so far on the crystallization kinetics.
However, since the nucleation rate is strongly dependent on the density, we repeated the sim-
ulation of crystallization of the MQ-vdW and AD-5-vdW models which feature a density (see
Sec. 3.1) closer to the experimental one. The fraction of crystalline atom of the MQ-vdW

is shown in Fig. 4 for comparison with the other MQ models at different densities. As ex-
pected, the MQ-vdW model crystallizes faster than the MQ model at lower density. The in-
cubation time of the MQ-vdW model of about 0.9 ns is longer than that of the MQ-high-p
model (see Fig. 4), despite its higher density, possibly because of a decrease of the atomic
mobility due to the vdW interaction which was documented in previous works [55]. The to-
tal number of crystalline atoms as a function of time at 600 K for the MQ-vdW and AD-5-
vdW models is then compared in Fig. 5. Both models feature a similar incubation time and
a similar crystal growth velocity. In the AD-5-vdW model up to four different overcritical nu-
clei form, two in the bulk and two closer to the surface, while a single overcritical nucleus is
growing in the MQ-vdW model. Since the AD model is twice the size of the MQ model, the
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incubation time per unit volume is even shorter for the AD than for the MQ model. Snap-
shots of the crystallization at different times are shown in Fig. 6 for the AD-5-vdW and, for
the sake of comparison, in Fig. S14 in SI for the MQ-vdW model.
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Figure 5: Evolution in time of the number of crystalline atoms during the crystallization at 600 K of the
melt-quenched MQ-vdW (4000 atoms) and asdep AD-5-vdW models (8000 atoms) generated by including
vdW interactions. The density of the MQ-vdW is the same of the density of the AD-5-vdW model in the
deposited region (see text). A single nucleus grows in the MQ-vdW model while up to four overcritical nuclei
form in the AD-5-vdW model.

In summary, no clear differences in the crystallization kinetics are detected neither between
the AD-5-vdW and MQ-vdW models generated with vdW interactions on a time scale suf-
ficiently long for both models to crystallize. Although a slightly different fraction of Ge in
tetrahedral configurations is found in the melt-quenched and as-deposited models, these struc-
tural differences do not seem sufficient to affect the crystallization kinetics at least at the
high temperature (600 K) conditions investigated here. On the other hand, experimentally
the crystallization kinetics is faster in M(Q than in AD samples, although the difference is less
striking in GeTe than in GST. We can reconcile our results with experiments by ascribing
the faster crystallization of M(Q samples observed experimentally to the presence of a non-
equilibrium population of subcritical crystallites formed during the quenching from the melt
which reduce the incubation time as proposed in Ref. [16, 19, 20]. We do not see this pre-
formed nuclei neither in our M(Q model, possibly because of a very fast quenching from the
melt (100 ps) and of the limited size of the simulation cell. However, a pre-formed popula-
tion of subcritical nuclei should be important during crystallization at lower temperatures

at which the nucleation rate is low than at the temperatures considered here . An overesti-
mation of the nucleation rate itself is also possible due to limitations of our NN potentials (a
too low barrier from puckered to flat 4-membered rings) as pointed out in Ref. [57]. In spite
of these uncertainties, our results seem to reliably suggest that the difference in the fraction
of tetrahedra is not the key to justify the difference in the crystallization kinetics of AD and
MQ samples.

15



WILEY-VCH
3.2 Crystallization kinetics of as-deposited amorphous GeTe

- ° -:l.. ., II
*tes & \\. .
. % Ei ‘
5 ...;. l .
.":--I " . '.'. s T' .; . - ) '
° o e .""J."/ -p.“ .’#' ) of
2 ns 2.5 ns 3 ns

Figure 6: Snapshots of the crystalline atoms identified by the bond order parameter Qg (see Sec. II) in the
simulations of the AD-5-vdW model at 600 K at different times. The bottom part is the substrate while the
upper part is the free surface.
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4 Conclusions

In summary, we have generated models of AD a-GeTe by molecular dynamics simulations
mimicking the growth conditions of magnetron sputtering deposition. The NN interatomic
potential generated previously for GeTe has been used. [32, 21] Three different simulations
have been performed with an average kinetic energy of the impinging atoms of 1.5, 5 and 10
eV. The structure of the deposited film is very similar for all the three simulations with a
density close to the equilibrium density of the amorphous phase generated by quenching from
the melt in NPT simulations. On the contrary, the film obtained by depositing atoms with a
thermal kinetic energy of 25 meV has a much lower density and a porous columnar structure
which is inconsistent with the density of the films measured experimentally. The structural
properties of the films deposited with kinetic energy in the range 1.5-10 eV are overall very
similar with that of the melt quenched amorphous phase, but for a slightly larger fraction of
Ge atoms in a tetrahedral geometry and for a larger fraction of homopolar Ge-Ge bonds in
agreement with previous DFT results on GST [21]. The fraction of tetrahedra is further en-
hanced close to the surface of the deposited film. However, these structural differences do not
lead to sizable changes in the crystallization kinetics of the AD and M(Q models on the time
scale of a few ns at 600 K. This is true either by including or neglecting vdW interactions in
the interatomic potential. We would then confirm that the difference in the crystallization
kinetics observed experimentally between the AD and MQ phases (although less striking for
GeTe than for GST for instance) should not be due to an intrinsic polyamorphism but to the
presence of a pre-formed crystalline nuclei as suggested in previous works [16] and observed
experimentally by fluctuation TEM [19, 20].
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