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Abstract: Chalcogenide GeSbTe (GST) alloys are exploited as phase change materials in a variety of
applications ranging from electronic non-volatile memories to neuromorphic and photonic devices.
In most applications, the prototypical Ge;Sb,Tes compound along the GeTe-Sb, Te; pseudobinary line
is used. Ge-rich GST alloys, off the pseudobinary tie-line with a crystallization temperature higher
than that of Ge,Sb,Tes, are currently explored for embedded phase-change memories of interest
for automotive applications. During crystallization, Ge-rich GST alloys undergo a phase separation
into pure Ge and less Ge-rich alloys. The detailed mechanisms underlying this transformation are,
however, largely unknown. In this work, we performed high-throughput calculations based on
Density Functional Theory (DFT) to uncover the most favorable decomposition pathways of Ge-rich
GST alloys. The knowledge of the DFT formation energy of all GST alloys in the central part of the
Ge-Sb-Te ternary phase diagram allowed us to identify the cubic crystalline phases that are more
likely to form during the crystallization of a generic GST alloy. This scheme is exemplified by drawing
a decomposition map for alloys on the Ge-Ge;Sb,Tey tie-line. A map of decomposition propensity is
also constructed, which suggests a possible strategy to minimize phase separation by still keeping a
high crystallization temperature.

Keywords: phase change materials; embedded electronic memories; Density Functional Theory;
high-throughput calculations

1. Introduction

GeSbTe (GST) phase change alloys have been deeply investigated over the last two
decades for a wide range of applications ranging from non-volatile electronic memories
(phase change memories, PCMs) [1-4] to neuromorphic computing [5,6], optical disks [7]
and several other optical devices [8,9]. These applications rest on two peculiar properties of
GST alloys: a reversible and very rapid transition between the amorphous and crystalline
phases upon heating and a large contrast in the electronic and optical properties between
the two phases, which allows the encoding of the digital information.

In PCMs, the phase transition is induced by Joule heating. During reset, the crystalline
phase is rapidly brought above the melting temperature by intense and short current pulses
and the amorphous phase is then recovered when the bias is removed due to fast heat
dissipation in the surrounding materials. During set, longer and less intense current pulses
at a voltage above the Ovonic threshold [10] raise the temperature in between the glass
transition temperature T and the melting temperature to induce the recrystallization of the
amorphous material [1,3,11,12]. Phase change materials are bad glass formers and rapidly
crystallize above T¢, which is often identified with the crystallization temperature Tx [13].

The prototypical phase change compound used in PCMs is the Ge,Sb,Tes (GST225)
alloy which can be seen as a pseudobinary compound lying on the GeTe-Sb,Tej3 tie-line.
In memory operation, the amorphous phase of GST225 crystallizes into a metastable
rocksalt phase and not in the thermodynamically stable trigonal phase due to kinetic
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hindrances. Note that in the following we will indicate with GSTXYZ the alloy with
composition Ge,SbyTe;. The amorphous phase of GST alloys is obviously metastable
below Tx and it is subject to aging with the increase of the electrical resistance with
time [14]. Recrystallization below Ty is also possible on a longer time scale due to the
stochasticity of the crystal nucleation process, which leads to data loss of the memory [3].
Data retention thus requires minimizing these unwanted events by suitably tuning the
activation energy for the nucleation process at temperatures below Ts.

Although PCMs based on GST alloys are at an advanced stage of development and
have reached the global market [15], the exploration of materials in this class is still
extensively pursued to enlarge their field of applicability. For instance, GST alloys with
Tx higher than that of GST225 are needed for application in embedded memories of
interest for the automotive sector [16]. To this end, Ge-rich GST alloys are emerging as
promising materials with Tx raising up to 570 K by increasing the Ge content along the
Ge-SbyTe; pseudobinary line [17,18] as opposed to a value Tx in the range 420440 K
for GST225 [19]. Ge-rich alloys along the Ge-Ge;SboTes pseudobinary line [20] or on
the Sb-GeTe isoelectronic line (the same average number of p electrons per atom) [21]
have also been explored to improve data retention. The high Tx of Ge-rich alloys has
been ascribed to the slow-down of the crystallization kinetics due to the mass transport
involved in the phase separation into crystalline Ge and less Ge-rich crystalline alloys [22].
In fact, the segregation phenomena require long length diffusion of the atomic species,
which would imply a longer incubation time for the formation of supercritical crystalline
nuclei. This process was reported in the crystallization of the as-deposited amorphous
films and during forming (initialization) of the memory cells [17,18,22-26]. The presence of
a reversible phase separation during set/reset is instead less clear. The inhomogeneity of
the active material resulting from phase separation has, however, some drawbacks such as
a resistance drift in the set (crystalline) state as well, a cell-to-cell variability and possibly
reduced endurance [16]. There is therefore room for improvement in the choice of the
best composition of the alloy to minimize these detrimental effects. To this end, better
knowledge of the decomposition process than is actually available is mandatory. The
decomposition process is highly non trivial because, during the operation of the memory,
the amorphous phase is supposed to crystallize into metastable cubic phases due to kinetic
hindrances, as occurs for GST225, and not necessarily into the thermodynamically stable
compounds, which encompass only the unary elements and the pseudobinary compounds
along the GeTe-SbyTe; and Sb-Sb,Tejs tie-lines (including the end points) on the Ge-Sb-Te
ternary phase diagram.

Atomistic simulations can provide useful information in this respect. In a very recent
work, for instance, molecular dynamics simulations based on Density Functional Theory
(DFT) were applied to study the amorphous phase of Ge-rich GST along the Ge-GST124
pseudobinary line [27]. The simulations revealed that the amorphous phase is stable with
respect to phase separation into amorphous Ge and amorphous GS5T124 only for Ge content
below or equal to 50 atomic %. Phase separation during crystallization was, however, not
addressed in Ref. [27].

In this work, we fill this gap by studying the decomposition process during the
crystallization of GST alloys by means of high-throughput DFT calculations. In particular,
we have constructed the convex hull from the calculations of the DFT total energy of
the stable compounds. For all GST cubic alloys in the central part of the ternary phase
diagram, we then obtained the distance of their free energy from the convex hull which
gives a measure of the metastability of the alloy. These data allowed us to compute the
reaction free energy for the decomposition of Ge-rich GST alloys into the crystalline Ge (and
eventually Sb and Te), a less Ge-rich alloy, and the GeTe and Sb,Te3 binary compounds.
The calculations provide a map for the decomposition paths of Ge-rich alloys of any
composition and allow us to quantify the propensity to decompose of any alloy and its
most probable decomposition products. This approach is exemplified by studying the
decomposition pathways of Ge-rich alloys on the Ge-GST124 pseudobinary line. It turns
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out that several decomposition channels compete, which can lead to the formation of a
nanocomposite of crystalline grains with different compositions.

2. Computational Details

We performed DFT calculations by employing the exchange and correlation functional
due to Perdew, Burke and Ernzerhof (PBE) [28] and the norm-conserving pseudopotentials
by Goedeker, Teter and Hutter [29,30] within the Quickstep method as implemented in
the CP2k package [31]. The Kohn-Sham orbitals were expanded in Gaussian-type orbitals
of a valence triple-zeta-valence plus polarization basis set while the electronic density
was expanded in a basis set of plane waves up to a kinetic energy cutoff of 100 Ry. We
also included the van der Waals (vdW) interactions, which have been shown to affect the
structural properties of GST compounds [32,33], by including the semiempirical correction
due to Grimme [34]. We modeled all GSTXYZ alloys in the cubic rocksalt phase for
compositions in the central part of the Ge-Sb-Te ternary phase diagram in which a single
element (Ge, Sb or Te) in the alloy does not exceed 60 atomic %. This choice is motivated
by the fact that for higher Ge, Sb or Te content we might expect to have either defected
tetrahedral geometry, the trigonal layered structures of Sb or more complex structures
for very high Te fraction. Since we are interested in the possible switching between the
amorphous phase and a cubic crystalline phase, this restriction to the central part of the
ternary phase diagram is well justified.

The metastable cubic phase for all compositions was modeled in 216-atom supercells
in the rocksalt geometry analogous to the metastable cubic phase of GST225. In cubic
GST225, Sb and Ge atoms occupy randomly the cation sublattice with 20% of stoichiometric
vacancies, while Te atoms fully occupy the anionic sublattice. Stoichiometric vacancies in
GST225 ensure the presence of exactly three p electrons per site on average, which leads to
a closed shell system [35].

For GSTXYZ alloys with an atomic fraction of Ge larger than 50%, the cationic sub-
lattice is occupied by Ge only and the anionic sublattice is occupied randomly by Sb, Ge
and Te. For Sb-rich alloys, antimony is supposed to behave as an amphoteric element by
occupying both the anionic and cationic sublattices. For compositions with more than
three p electrons per site, we included vacancies in the cationic sublattice to enforce the
condition of three p electrons per site on average. To properly include disorder on the
cationic or on both the cationic and anionic sublattices, three different models for each
composition were generated by using special quasi-random structures (SQS) [36] with the
package of Ref. [37]. The ordered compounds Ge, Te (P3121 space group) [38], Sb (R3m
space group) [39], GeTe (R3m space group) [40] and Sb,Tes (R3m space group) [41] were
modeled with 216, 192, 216, 162 and 270 atom supercells. The atomic positions and cell
edges of all models were fully optimized with a convergence threshold of 5 mRy/a, for
forces and a pressure tolerance of 0.01 GPa. The cell of the metastable phases was first
optimized by keeping the cubic symmetry of the supercell, and subsequently also the
cell angles were allowed to change. Cell optimizations were performed by restricting the
Brillouin zone (BZ) integration to the supercell I point. The total energy of the models was
then computed with a 3 x 3 x 3 k-point mesh in the supercell BZ. In order to estimate
the reaction free energies, we also included the configurational entropy in the crystalline
phases due to disorder as given by S = %“Zi,]-xi,jln(xi,j), where the j index runs over
the sublattices (i.e., cationic and anionic) and the i index runs over the atomic species
which occupy a particular sublattice, kp is the Boltzmann constant and x; ; is the molar
fraction. In the following, we refer to the (reaction) free energy, which includes the total
energy at zero temperature and the configurational free energy at 300 K. Calculations on
selected possible decomposition pathways have shown that the phononic contribution to
the reaction free energy is very small (a few meV/atom) [42] and it has thus been omitted
in the data reported hereafter.



Nanomaterials 2021, 11, 2382

40f13

3. Results

We first computed the formation free energy of GSTXYZ alloys with respect to the
Sb, Ge and Te elements in their standard state. The map of the formation free energy for
cubic alloys in the ternary phase diagram is shown in Figure 1. Each point on the map
corresponds to a different composition for a total number of 698 alloys uniformly spaced
in the central part of the phase diagram. We remind that the free energy is obtained from
the total energy at zero temperature plus the configurational free energy at 300 K due to
disorder averaged over three SQS models for each composition (see Section 2). A positive
formation free energy means that the alloy is unstable with respect to phase separation into
the elements Sb, Ge and Te. This is the case for Sb-rich alloys on the left part of the phase
diagram. GeSb itself does not exist as a thermodynamically stable compound although
a metastable, tetragonally distorted rocksalt phase was reported [43]. The formation free
energy is lower (more negative) for alloys along the GeTe-Sb,Te; tie-line and on the Sb-
GeTe isoelectronic line. Note that alloys around Sb,Tes are all in the cubic phase as well.
A metastable rocksalt phase of SbyTez with vacancies on 1/3 of the cationic sites was also
recently found experimentally [44].
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Figure 1. Map of the formation free energy of GST alloys in the metastable cubic phase (at 300 K, see

text). The GeTe compound is instead in the stable trigonal phase. The topmost point corresponds
to GST512.

The energy of the unary systems and of the trigonal binary compounds GeTe and
SbyTes is used to construct the convex hull, which, for a ternary system, is the two di-
mensional surface formed by the ordered compounds that have an energy lower than
that of any other structure or any linear combination of structures that provide the proper
composition. Compositions at the vertices of the convex hull are thus thermodynamically
stable compounds while the tie-lines connecting two compounds are the edges of the
convex hull. All other structures have an energy that falls above the set of tie-lines [45-47].
The convex hull represents the Gibbs free energy of the alloy at zero temperature.

Actually, several pseudobinary (GeTe),,(SbyTes);,; alloys [48-50] and Sb;, Te compounds [51]
are known to be thermodynamically stable and they thus represent vertices of the convex
hull. However, the energies of (GeTe),,(SbyTes),, compounds, such as GST147, GST124,
GST225, GST326, GST528 and so forth, are very close to the (GeTe)-(SbyTes) edge of the
convex hull. The same is true for the Sb, Te compounds along the Sb-Sb,Tejs tie-line [51].
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Therefore, we considered a simplified convex hull including only Ge, Sb, Te and the binary
GeTe and Sb,Tes trigonal compounds, which was built by using the ghull code [52]. The
geometry of the convex hull with the free energy points of the different cubic alloys is
sketched in Figure 2a. A map of the distance of the free energy of the different cubic alloys
from the hull is shown instead in Figure 2b. The shorter the distance, the higher the degree
of the metastability of the alloy.

a)

b) OGe lloo

- 80

- 60

L 40

GST225 20 20

- GST124
100 ED. T
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S b 4 / / 2 2 7 7 OTe
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Figure 2. (a) Convex hull in the Ge-Sb-Te phase diagram. The energy of the elements in their standard
state is set to zero. The figure shows a simplified convex hull in which the stable pseudobinary
GeTe-SbyTe; compounds and the stable Sb;, Te compounds have been brought on the GeTe-Sb,Tez
and Sb-Sb,Tejs tie-lines (see text). The formation free energy of the different alloys is also shown
by blue points only for compositions with a negative formation free energy (see Figure 1). (b) Map

Energy above hull (meV/atom)

of the distance of the formation free energy (meV/atom) of the cubic alloys from the convex hull.
The shorter the distance the higher is the degree of metastability of the alloy. The GeTe-Sb,Tez and
Ge-Sb;Tej tie-lines are also shown in panel (b) along with the points corresponding to some stable
(GeTe);,(SbyTes ) pseudobinary compounds.

Note that the alloys on the Sb-GeTe isoelectronic line are particularly stable since their
energy is very close to that of the convex hull. In fact, the G5T212 alloy on the Sb-GeTe line
was indicated a few years ago as the starting point to obtain, by Ge enrichment, a “golden
composition” for embedded memories [21]. The high metastability (low distance from the
convex hull) corresponds to a low propensity to decompose as we will discuss later on.
Although cubic alloys along the GeTe-Sb,Tejs tie line have a large and negative formation
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energy (see Figure 1) their distance from the convex hull is larger than that of alloys on
the Sb-GeTe line. In fact, the edge of the convex hull along the GeTe-Sb;Tes tie-line is very
close to the energy of the trigonal phases which means that the cubic phases are about
50-60 meV /atom higher in energy than the trigonal ones (see also the very recent DFT
work of Ref. [53]).

The map of the distances from the convex hull allows us to study the possible de-
composition pathways of any alloy in the phase diagram as follows. We consider the
decomposition free energy of the GSTXYZ cubic alloy according to the reaction:

GSTXYZ — aGSTX'Y'Z' +bSb + cGe + dTe + eSbyTes + f GeTe. 1)

The GSTX'Y'Z’ alloy and the Sb,Te; compound are in the cubic phase as well, while
the other unary systems and the binary GeTe compound are in their ground states (zero
temperature). For a given ternary reactant and product the decomposition path is assigned
by first maximizing the fraction (a) of the ternary product and then the fraction (e or f) of the
binary products. These two constraints uniquely assign the fraction of the unary products.
For each GSTXYZ alloy we can then construct a map of the decomposition free energy into
a generic GSTX'Y'Z’ cubic alloy in the ternary phase diagram. This map highlights which
decomposition paths are more likely to be seen during the crystallization of the amorphous
phase. Note that the energy of the amorphous phase is always higher than the energy of
the cubic phase at the same composition, as we verified with DFT calculations for selected
compositions whose amorphous 216-atom models were generated by quenching from the
melt following the same protocol we used in previous works [54-57].

As an example of this methodology, we have computed the decomposition map of the
three alloys, GST312, GST412 and GST512, on the Ge-GST124 pseudobinary line, whose
amorphous phase was investigated by DFT simulations in Ref. [27].

The decomposition maps for the three alloys are compared in Figure 3. A point for
the generic GSTX'Y'Z’ alloy in the decomposition map of GST312, for instance, gives
the value of the decomposition free energy for the formation of GSTX'Y'Z’ according to
Equation (1). For example, the reaction free energy for the formation of GST334 from
GST312 corresponds to the reaction GST312 — 1/3 GST334 + 2/3 GeTe + 4/3 Ge. Since the
alloys are modeled by a 216-atom supercell, the actual composition is not exactly given by
the reaction above but by Gejo7SbzsTe7z — 2—3 GegySbep Tegy+ % GeTe+1§% Ge, due to the
constraints imposed by the finite size of the supercell.

a) GST312 b) GST412 c) GST512 T
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Figure 3. Maps of the decomposition pathways during crystallization of (a) GST312, (b) GST412, and (c) GST512. The color
code gives the reaction free energy (meV/atom) to form the cubic alloys on the ternary phase diagram starting from the
reactant, i.e., GST312 in panel (a) (see text).

A negative reaction free energy indicates an exothermic reaction. The larger and more
negative the reaction free energy is, the more favored is the corresponding decomposi-
tion pathway.
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In the maps shown in Figure 3, we report only exothermic reactions which form
GSTX'Y'Z’ in an amount that corresponds at least to 33 atomic % (1/3) of the reactant. Only
under these conditions do we consider GSTX'Y’Z’ the main product of the decomposition
pathway and show a point on the decomposition map. The composition of the reactant
GSTXYZ obviously sets constraints on the possible products, irrespective of the reaction
free energy. On the other end, the reaction free energy becomes larger and more negative
for a wider part of the phase diagram (the products) by increasing the fraction of Ge
(compares GST312 with GST512 in Figure 3). Note that most exothermic reactions lead
to the formation of alloys on the Sb-GeTe and GeTe-Sb,Tes lines with a larger weight for
alloys close to GeTe.

It is clear that there are several competitive channels for decomposition with very
similar reaction free energies for all the three alloys considered in Figure 3 (GST312, GST412,
and GST512). The GSTX'Y'Z’ products of these reactions can hardly be discriminated by
X-ray diffraction data. The lattice parameter is in fact very similar for the majority of the
alloys in the cubic phase as shown in Figure 4, which reports a map of the deviation of
the equilibrium lattice parameter from that of GST225 for the different cubic alloys in the
ternary phase diagram.

We thus expect the coexistence of different cubic alloys resulting from the crystalliza-
tion of the amorphous phase of Ge-rich GST alloys during the operation of the memory, and
possibly also a cell-to-cell variability due to the presence of several competitive channels
for decomposition. The decomposition propensity is, however, different for the three alloys
on the Ge-GST124 pseudobinary line investigated here. The alloy that is richer in Ge is in
fact more prone to decompose into crystalline Ge and a less Ge-rich alloy, as shown by the
presence of a larger blue (more exothermic reactions) region in the decomposition map of
GST512. We also computed the decomposition maps of the three alloys by considering
both GeTe and Sb,Te; in the trigonal phase. These new maps are shown in Figure A1 in the
Appendix A; they are nearly indistinguishable from those of Figure 3 because for Ge-rich
alloys there are very few decomposition channels leading to crystalline Sb,Tes.

Ge
0

-1
-0
-1
<
__2Q
©
L 3]
—4
-5

100
S b / 7 7 7 7 7 OTe
0 20 40 60 80 100 —6
Figure 4. Map of the lattice parameter of the cubic phase of GST alloys in the ternary phase diagram.
The lattice parameter is shown as the relative difference (a — a25) /4225 in percentage (%) with respect
to the lattice parameter of GST225 (a325 = 6.0293 A) [49].

We then attempted to quantify the decomposition propensity by counting the exother-
mic decomposition channels weighted by their reaction free energy. In this calculation,
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we now include all the possible products in the central region of the ternary phase dia-
gram (all the 698 equally spaced alloys) even if they appear in a small atomic fraction in
the decomposition product. This is done because a reaction with a low fraction of the
GSTX'Y'Z’ products can still be strongly exothermic due to the formation of a large fraction
of GeTe. This procedure is repeated now for all possible starting GSTXYZ alloys and we
then obtain the map of the propensity to decompose for alloys in the central region of the
phase diagram shown in Figure 5. The decomposition propensity is low again along the
GeTe-Sb;Te; tie-line but also along the Sb-GeTe isoelectronic line. This map suggests a
possible tuning of the alloy composition to minimize the decomposition propensity by still
keeping a higher T, as we discuss below.
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Figure 5. Map of the decomposition propensity of the cubic phase of GST alloys on the ternary
phase diagram (see text). Low values (blue region) indicate a low propensity to decompose. The
decomposition propensity is computed by counting the exothermic decomposition channels weighted
by the modulus of their reaction free energy (in eV/atom).

In principle, it would be desirable to select an alloy with a sufficiently high Tx that
still switches between the crystalline and amorphous phases in a homogeneous manner
with no phase separation. This would allow the minimization of the cell-to-cell variability
and the reduction of the drift of the set state that could arise from the presence of a partially
crystallized system or of nanocrystallites with different compositions that may undergo
coarsening. The phase separation itself is believed to be the origin of the raise of Tx because
of the mass transport on a long length scale involved in phase segregation [22]. However,
previous analysis of DFT models of the amorphous phase as a function of composition
revealed that moving away from the GeTe-Sb;,Te; tie-line by increasing either the Ge or
Sb content along the Ge-GST124 [27], Sb-GeTe [56] and Ge-Sb;Tes lines [42], leads to an
amorphous network which is more and more dissimilar from the cubic crystal. In the
rocksalt phase, all atoms are in an octahedral bonding geometry with no homopolar bonds.
On the contrary, in the amorphous phase, a fraction of Ge atoms are in a tetrahedral bonding
geometry favored by the presence of Ge-Ge bonds [54]. The fraction of Ge-Ge bonds and
of tetrahedra increases by increasing the Ge content but also the Sb fraction because of
the lack of a sufficient amount of Te to form Ge-Te bonds [27,56]. Another indicator of
the bonding topology in the amorphous phase is given by the distribution of rings, that
is, the shortest closed loops among atoms connected by bonds. In GST225 and GeTe, the
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ring distribution is dominated by four-membered ABAB rings [58,59] (A = Ge/Sb, B = Te),
which are the building blocks of the cubic rocksalt crystal. The four-membered rings are
present in the amorphous phase but also in the supercooled liquid phase above Ty, where
crystallization takes place [59]. Molecular dynamics simulations of the crystallization
process [59-61] have shown that the reorientation of the four-membered rings is the key
process in the formation of cubic crystalline nuclei. By increasing the Ge and Sb content at
the expense of Te, the fraction of four-membered rings reduces while the number of five-
and six-membered rings increases [27,42,56]. Homopolar bonds, tetrahedra and longer
rings in place of four-membered ones are all structural features hindering the crystallization
since they are not present in the crystal [3,27,42,56]. Therefore, we might conceive to reduce
the crystal nucleation rate and then improve data retention by increasing the Ge or Sb
fraction to enhance the dissimilarity between the crystal and amorphous phases by moving
away from the GeTe-Sb,Te3 pseudobinary line. The propensity map in Figure 5 tells us
that if we increase the Ge or Sb content by keeping close to the Sb-GeTe line we can also
minimize the propensity to decompose during crystallization. It remains to be seen if this
strategy is suitable to raise Tx sufficiently for applications in embedded memories.

As a final result, we report in Figure 6 a map of the average atomic fraction of
segregated Ge along the decomposition pathways of a generic GSTXYZ alloy in the ternary
phase diagram. This average fraction is computed by summing the atomic fraction of
Ge (in the crystalline form) formed in each exothermic decomposition path weighted by
its reaction free energy A as Geq(GSTXYZ) = %’gl’%m, where the sum runs over the
decomposition channels and c; is the fraction of Ge formed in reaction i (see Equation (1)).
As expected, there is a rough correspondence between the average fraction of segregated Ge
(Figure 6) and the propensity to decompose (Figure 5), but the map of the decomposition
propensity shows some finer details (e.g., a lower decomposition propensity along the
Sb—GeTe line) ,which are not present in the map of Figure 6.
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Figure 6. Map of the average fraction of crystalline Ge in atomic % segregated in the exothermic
decomposition reactions of GST alloys in the central part of the ternary phase diagram (see text

for definition).

4. Discussion and Conclusions
The analysis of the decomposition pathways suggests that the crystallization of Ge-rich

alloys could lead to the formation of less Ge-rich cubic crystals with different compositions.
The coexistence of different competitive decomposition channels might affect the cell-to-cell
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variability and the drift in the set state of the memory. However, we must remark that
the decomposition maps in Figure 3 correspond to the final result of the decomposition
reaction with all products in the crystalline state. This process is, however, likely to occur in
different steps. For instance, in the real samples, Ge could migrate to enrich the amorphous
region surrounding the crystallizing region depleted in Ge. The crystallization of Ge
inside the further Ge enriched amorphous region will occur at a later stage or at higher
temperature [26].

Therefore, although the decomposition maps for the individual alloy (Figure 3) and
the map of the decomposition propensity (Figure 5) suggest possible strategies to mimimize
phase segregation, the result of the actual crystallization process is expected to strongly
depend on the details of the thermal history of the sample. In fact, it was already noted that
the kinetics of crystallization are different for the as-deposited and melt quenched amor-
phous phase annealed above Tg, and it is also different from phase separation occurring by
directly quenching the liquid below melting [24]. Furthermore, in a nanoscaled device, the
switching between the amorphous and the crystalline phases occurs only in a small dome
above the heater in the mushroom architecture. The nature of the surrounding material
might also affect the expulsion of Ge from the crystallizing region into the outer part of the
transforming dome. The forming operation is indeed known to affect the switching process
because it controls the composition of both the transforming dome and the surrounding
region [18]. The possible formation of a nanocomposite made of crystalline grains of differ-
ent compositions is also expected to be strongly affected by nanoconfinement; for instance,
in a multilayer geometry such as that explored with Sb,Te3/TiTe; heterostructures for
neuromorphic applications in Ref. [62]. We thus simply mention that nanostructuring
Ge-rich GST alloys in multilayers might represent another possible strategy for mitigating
the phase separation.

In summary, by means of high-throughput DFT calculations we have provided a
comprehensive analysis of the possible decomposition pathways that GST amorphous
alloys could undergo during crystallization. This analysis focuses in particular on Ge-rich
GST alloys of interest for applications in embedded memories for the automotive sector
that require high crystallization temperatures.

The calculation of the reaction free energy for the phase separation of crystalline
Ge-rich GST into crystalline Ge and less Ge-rich cubic alloys allowed us to identify the
thermodynamically more viable decomposition paths. Other kinetic effects related to
the process of segregation of Ge might, however, affect the actual products of the phase
separation as discussed above. Although these effects cannot be addressed by DFT meth-
ods, the recent developments of machine learning interatomic potentials for large scale
simulations [63-65] (several thousands of atoms for tens of ns), eventually supplemented
by accelerating techniques such as the metadynamics method [66,67], pave the way for
the direct molecular dynamics simulations of the crystallization of Ge-rich GST alloys to
enlighten the intermediate steps of the whole decomposition process.
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Abbreviations

The following abbreviations are used in this manuscript:

GST GeSbTe
PCMs phase change memories
GSTXYZ Gex SbyYeZ
DFT Density Functional Theory
PBE Perdew, Burke and Ernzerhof
vdW van der Waals
BZ Brillouin zone
SQS Special quasi-random structure
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Figure A1. Maps of the decomposition pathways during crystallization of (a) GST312, (b) GST412, and (c) GST512. The
color code gives the reaction free energy (meV/atom) to form the cubic alloys on the ternary phase diagram starting from
the reactant, i.e., GST312 in panel (a) (see text). In these maps the SbyTez product is considered in the trigonal phase as
opposed to the maps in Figure 3 where the cubic phase was used for SbyTez as well.

References

1. Wauttig, M.; Yamada, N. Phase-change materials for rewriteable data storage. Nat. Mater. 2007, 6, 824-832. [CrossRef]

2. Nog¢, P; Vallée, C.; Hippert, F.; Fillot, F,; Raty, ].Y. Phase-change materials for non-volatile memory devices: From technological
challenges to materials science issues. Semicond. Sci. Technol. 2018, 33, 013002. [CrossRef]

3.  Zhang, W.,; Mazzarello, R.; Wuttig, M.; Ma, E. Designing crystallization in phase-change materials for universal memory and
neuro-inspired computing. Nat. Rev. Mater. 2019, 4, 150-168. [CrossRef]

4. Pirovano, A.; Lacaita, A.; Benvenuti, A.; Pellizzer, E; Bez, R. Electronic switching in phase-change memories. IEEE Trans. Electron
Devices 2004, 51, 452-459. [CrossRef]

5. Boybat, L.; Le Gallo, M.; Nandakumar, S.R.; Moraitis, T.; Parnell, T.; Tuma, T.; Rajendran, B.; Leblebici, Y.; Sebastian, A.; Eleftheriou,
E. Neuromorphic computing with multi-memristive synapses. Nat. Commun. 2018, 9, 1-12. [CrossRef]

6.  Sebastian, A.; Le Gallo, M.; Khaddam-Aljameh, R.; Eleftheriou, E. Memory devices and applications for in-memory computing.
Nat. Nanotechnol. 2020, 15, 529-544. [CrossRef]

7.  Satoh, I; Yamada, N. DVD-RAM for all audio/video, PC, and network applications. In Fifth International Symposium on Optical
Storage (ISOS 2000); Gan, F.,, Hou, L., Eds.; International Society for Optics and Photonics, SPIE: Bellingham, WA, USA, 2001;
Volume 4085, pp. 283-290. [CrossRef]

8.  Feldmann, J.; Youngblood, N.; Karpov, M.; Gehring, H.; Li, X.; Stappers, M.; Le Gallo, M.; Fu, X.; Lukashchuk, A.; Raja, A.S.; et al.
Parallel convolutional processing using an integrated photonic tensor core. Nature 2021, 589, 52-58. [CrossRef] [PubMed]

9.  Wauttig, M.; Bhaskaran, H.; Taubner, T. Phase-change materials for non-volatile photonic applications. Nat. Photon. 2017,
11, 465-476. [CrossRef]

10. Adler, D.; Shur, M.; Silver, M.; Ovshinsky, S. Threshold switching in chalcogenide-glass thin films. J. Appl. Phys. 1980,
51, 3289-3309. [CrossRef]

11. Raoux, S.; Welnic, W.; Ielmini, D. Phase Change Materials and Their Application to Nonvolatile Memories. Chem. Rev. 2010,
110, 240-267. [CrossRef] [PubMed]

12.  Gallo, M.L.; Sebastian, A. An overview of phase-change memory device physics. . Phys. D Appl. Phys. 2020, 53, 213002.

[CrossRef]


http://doi.org/10.1038/nmat2009
http://dx.doi.org/10.1088/1361-6641/aa7c25
http://dx.doi.org/10.1038/s41578-018-0076-x
http://dx.doi.org/10.1109/TED.2003.823243
http://dx.doi.org/10.1038/s41467-018-04933-y
http://dx.doi.org/10.1038/s41565-020-0655-z
http://dx.doi.org/10.1117/12.416861
http://dx.doi.org/10.1038/s41586-020-03070-1
http://www.ncbi.nlm.nih.gov/pubmed/33408373
http://dx.doi.org/10.1038/nphoton.2017.126
http://dx.doi.org/10.1063/1.328036
http://dx.doi.org/10.1021/cr900040x
http://www.ncbi.nlm.nih.gov/pubmed/19715293
http://dx.doi.org/10.1088/1361-6463/ab7794

Nanomaterials 2021, 11, 2382 12 of 13

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.
39.
40.

Pries, ].; Wei, S.; Wuttig, M.; Lucas, P. Switching between Crystallization from the Glassy and the Undercooled Liquid Phase in
Phase Change Material Ge;SbyTes. Adv. Mater. 2019, 31, 1900784. [CrossRef] [PubMed]

Zhang, W.; Ma, E. Unveiling the structural origin to control resistance drift in phase-change memory materials. Mater. Today
2020, 41, 156-176. [CrossRef]

Choe, J. Intel 3D XPoint Memory Die Removed from Intel Optane™ PCM (Phase Change Memory). 2017. Available online: https:
/ /www.techinsights.com/blog/intel-3d-xpoint-memory-die-removed-intel-optanetm-pcm-phase-change-memory (accessed on
7 August 2021).

Cappelletti, P.; Annunziata, R.; Arnaud, F,; Disegni, F.; Maurelli, A.; Zuliani, P. Phase change memory for automotive grade
embedded NVM applications. J. Phys. D Appl. Phys. 2020, 53, 193002. [CrossRef]

Zuliani, P.; Palumbo, E.; Borghi, M.; Dalla Libera, G.; Annunziata, R. Engineering of chalcogenide materials for embedded
applications of Phase Change Memory. Solid State Electron. 2015, 111, 27-31. [CrossRef]

Palumbo, E.; Zuliani, P.; Borghi, M.; Annunziata, R. Forming operation in Ge-rich Ge,SbyTe, phase change memories. Solid State
Electron. 2017, 133, 38—44. [CrossRef]

Noé, P,; Sabbione, C.; Bernier, N.; Castellani, N.; Fillot, E; Hippert, E. Impact of interfaces on scenario of crystallization of phase
change materials. Acta Mater. 2016, 110, 142-148. [CrossRef]

Navarro, G.; Coué, M.; Kiouseloglou, A.; Noé, P; Fillot, E; Delaye, V.; Persico, A.; Roule, A.; Bernard, M.; Sabbione, C.; et al.
Trade-off between SET and data retention performance thanks to innovative materials for phase-change memory. In Proceedings
of the 2013 IEEE International Electron Devices Meeting, Washington, DC, USA, 9-11 December 2013; pp. 21.5.1-21.5.4. [CrossRef]
Cheng, H.Y.; Hsu, TH.; Raoux, S.; Wu, J.; Du, PY,; Breitwisch, M.; Zhu, Y.; Lai, EK,; Joseph, E.; Mittal, S.; et al. A high
performance phase change memory with fast switching speed and high temperature retention by engineering the Ge,Sb, Te,
phase change material. In Proceedings of the 2011 International Electron Devices Meeting, Washington, DC, USA, 5-7 December
2011; pp. 3.4.1-3.4.4. [CrossRef]

Agati, M,; Vallet, M.; Joulié, S.; Benoit, D.; Claverie, A. Chemical phase segregation during the crystallization of Ge-rich GeSbTe
alloys. J. Mater. Chem. C 2019, 7, 8720-8729. [CrossRef]

Privitera, S.M.S.; Sousa, V.; Bongiorno, C.; Navarro, G.; Sabbione, C.; Carria, E.; Rimini, E. Atomic diffusion in laser irradiated Ge
rich GeSbTe thin films for phase change memory applications. J. Phys. D Appl. Phys. 2018, 51, 145103. [CrossRef]

Privitera, S.M.; Lépez Garcia, I.; Bongiorno, C.; Sousa, V.; Cyrille, M.C.; Navarro, G.; Sabbione, C.; Carria, E.; Rimini, E.
Crystallization properties of melt-quenched Ge-rich GeSbTe thin films for phase change memory applications. J. Appl. Phys. 2020,
128, 155105. [CrossRef]

Henry, L.; Bernier, N.; Jacob, M.; Navarro, G.; Clément, L.; Rouviere, J.L.; Robin, E. Studying phase change memory devices by
coupling scanning precession electron diffraction and energy dispersive X-ray analysis. Acta Mater. 2020, 201, 72-78. [CrossRef]
Luong, M.; Agati, M.; Ramond, N.; Grisolia, ]J.; Le Friec, Y.; Benoit, D.; Claverie, A. On Some Unique Specificities of Ge-
Rich GeSbTe Phase- Change Material Alloys for Nonvolatile Embedded-Memory Applications. Phys. Status Solidi RRL 2021,
15,2000471. [CrossRef]

Sun, L.; Zhou, Y.X.; Wang, X.D.; Chen, Y.H.; Deringer, V.L.; Mazzarello, R.; Zhang, W. Ab initio molecular dynamics and materials
design for embedded phase-change memory. npj Comput. Mater. 2021, 7, 29. [CrossRef]

Perdew, ].P; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865. [CrossRef]
[PubMed]

Goedecker, S.; Teter, M. Separable dual-space Gaussian pseudopotentials. Phys. Rev. B Condens. Matter 1996, 54, 1703. [CrossRef]
[PubMed]

Krack, M. Pseudopotentials for H to Kr optimized for gradient-corrected exchange-correlation functionals. Theor. Chem. Acc.
2005, 114, 145-152. [CrossRef]

Vandevondele, J.; Krack, M.; Mohamed, F,; Parrinello, M.; Chassaing, T.; Hutter, ]. Quickstep: Fast and accurate density functional
calculations using a mixed Gaussian and plane waves approach. Comput. Phys. Commun. 2005, 167, 103-128. [CrossRef]

Weber, H.; Schumacher, M.; Jévari, P; Tsuchiya, Y.; Skrotzki, W.; Mazzarello, R.; Kaban, I. Experimental and ab initio molecular
dynamics study of the structure and physical properties of liquid GeTe. Phys. Rev. B 2017, 96, 054204. [CrossRef]

Schumacher, M.; Weber, H.; Jovari, P.; Tsuchiya, Y.; Youngs, T.G.; Kaban, I.; Mazzarello, R. Structural, electronic and kinetic
properties of the phase-change material Ge,Sb,Tes in the liquid state. Sci. Rep. 2016, 6, 27434. [CrossRef] [PubMed]

Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104. [CrossRef]

Luo, M.; Wuttig, M. The Dependence of Crystal Structure of Te-Based Phase-Change Materials on the Number of Valence
Electrons. Adv. Mater. 2004, 16, 439-443. [CrossRef]

Zunger, A.; Wei, S.H.; Ferreira, L.G.; Bernard, J.E. Special quasirandom structures. Phys. Rev. Lett. 1990, 65, 353. [CrossRef]
Van De Walle, A.; Tiwary, P; De Jong, M.; Olmsted, D.L.; Asta, M.; Dick, A.; Shin, D.; Wang, Y.; Chen, L.Q.; Liu, Z.K. Efficient
stochastic generation of special quasirandom structures. Calphad 2013, 42, 13-18. [CrossRef]

Adenis, C.; Langer, V.; Lindqvist, O. Reinvestigation of the structure of tellurium. Acta Cryst. C 1989, 45, 941-942. [CrossRef]
Barrett, C.S.; Cucka, P.,; Haefner, K. The crystal structure of antimony at 4.2, 78 and 298 K. Acta Cryst. 1963, 16, 451-453. [CrossRef]
Goldak, J.; Barrett, C.S.; Innes, D.; Youdelis, W. Structure of a-GeTe. . Chem. Phys 1966, 44, 3323-3325. [CrossRef]


http://dx.doi.org/10.1002/adma.201900784
http://www.ncbi.nlm.nih.gov/pubmed/31385632
http://dx.doi.org/10.1016/j.mattod.2020.07.016
https://www.techinsights.com/blog/intel-3d-xpoint-memory-die-removed-intel-optanetm-pcm-phase-change-memory
https://www.techinsights.com/blog/intel-3d-xpoint-memory-die-removed-intel-optanetm-pcm-phase-change-memory
http://dx.doi.org/10.1088/1361-6463/ab71aa
http://dx.doi.org/10.1016/j.sse.2015.04.009
http://dx.doi.org/10.1016/j.sse.2017.03.016
http://dx.doi.org/10.1016/j.actamat.2016.03.022
http://dx.doi.org/10.1109/IEDM.2013.6724678
http://dx.doi.org/10.1109/IEDM.2011.6131481
http://dx.doi.org/10.1039/C9TC02302J
http://dx.doi.org/10.1088/1361-6463/aab1d0
http://dx.doi.org/10.1063/5.0023696
http://dx.doi.org/10.1016/j.actamat.2020.09.033
http://dx.doi.org/10.1002/pssr.202000471
http://dx.doi.org/10.1038/s41524-021-00496-7
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://www.ncbi.nlm.nih.gov/pubmed/10062328
http://dx.doi.org/10.1103/PhysRevB.54.1703
http://www.ncbi.nlm.nih.gov/pubmed/9986014
http://dx.doi.org/10.1007/s00214-005-0655-y
http://dx.doi.org/10.1016/j.cpc.2004.12.014
http://dx.doi.org/10.1103/PhysRevB.96.054204
http://dx.doi.org/10.1038/srep27434
http://www.ncbi.nlm.nih.gov/pubmed/27272222
http://dx.doi.org/10.1063/1.3382344
http://dx.doi.org/10.1002/adma.200306077
http://dx.doi.org/10.1103/PhysRevLett.65.353
http://dx.doi.org/10.1016/j.calphad.2013.06.006
http://dx.doi.org/10.1107/S0108270188014453
http://dx.doi.org/10.1107/S0365110X63001262
http://dx.doi.org/10.1063/1.1727231

Nanomaterials 2021, 11, 2382 13 of 13

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Anderson, T.L.; Krause, H.B. Refinement of the Sb,Tes and Sb,TeySe structures and their relationship to nonstoichiometric
Sb,Te;,Sey compounds. Acta Cryst. B 1974, 30, 1307-1310. [CrossRef]

Abou El Kheir, O.; Dragoni, D.; Bernasconi, M. Density functional simulations of decomposition pathways of Ge-rich GeSbTe
alloys for phase change memories. Phys. Rev. Mat. 2021, in press.

Giessen, B.; Borromee-Gautier, C. Structure and alloy chemistry of metastable GeSb. ]. Solid State Chem. 1972, 4, 447-452.
[CrossRef]

Li, K.; Peng, L.; Zhu, L.; Zhou, J.; Sun, Z. Vacancy-mediated electronic localization and phase transition in cubic SbyTe3. Mater.
Sci. Semicond. Process. 2021, 135, 106052. [CrossRef]

Hildebrandt, G.; Glasser, D. Predicting phase and chemical equilibrium using the convex hull of the Gibbs free energy. Chem.
Eng. J. 1994, 54, 187-197. [CrossRef]

Curtarolo, S.; Morgan, D.; Ceder, G. Accuracy of ab initio methods in predicting the crystal structures of metals: A review of 80
binary alloys. Comput. Coupling Phase Diagrams Thermochem. 2005, 29, 163-211. [CrossRef]

Nyshadham, C.; Oses, C.; Hansen, J.E.; Takeuchi, I.; Curtarolo, S.; Hart, G.L.W. A computational high-throughput search for new
ternary superalloys. Acta Mater. 2017, 122, 483-487. [CrossRef]

Matsunaga, T.; Kojima, R.; Yamada, N.; Kifune, K.; Kubota, Y.; Takata, M. Structural Features of Ge1Sb,Tey, an Intermetallic
Compound in the GeTe-Sb, Tes Homologous Series. Chem. Mater. 2008, 20, 5750-5755. [CrossRef]

Matsunaga, T.; Yamada, N.; Kubota, Y. Structures of stable and metastable Ge;Sb,Tes, an intermetallic compound in GeTe-Sb, Tes
pseudobinary systems. Acta Cryst. B 2004, 60, 685-691. [CrossRef] [PubMed]

Matsunaga, T.; Morita, H.; Kojima, R.; Yamada, N.; Kifune, K.; Kubota, Y.; Tabata, Y.; Kim, J.J.; Kobata, M.; Ikenaga, E.; et al.
Structural characteristics of GeTe-rich GeTe-Sb,Te3 pseudobinary metastable crystals. J. Appl. Phys. 2008, 103, 093511. [CrossRef]
Govaerts, K.; Sluiter, M.H.; Partoens, B.; Lamoen, D. Stability of Sb-Te layered structures: First-principles study. Phys. Rev. B
Condens. Matter 2012, 85, 1-8. [CrossRef]

Barber, C.B.; Dobkin, D.P.; Huhdanpaa, H. The Quickhull algorithm for convex hulls. ACM Trans. Math. Softw. 1996, 22, 469-483.
[CrossRef]

Evang, V.; Mazzarello, R. Point defects in disordered and stable GeSbTe phase-change materials. Mater. Sci. Semicond. Process.
2021, 133, 105948. [CrossRef]

Caravati, S.; Bernasconi, M.; Kiihne, T.D.; Krack, M.; Parrinello, M. Coexistence of tetrahedral- and octahedral-like sites in
amorphous phase change materials. Appl. Phys. Lett. 2007, 91, 171906. [CrossRef]

Caravati, S.; Bernasconi, M.; Kiithne, T.D.; Krack, M.; Parrinello, M. First-principles study of crystalline and amorphous Ge;Sb,Tes
and the effects of stoichiometric defects. |. Condens. Matter Phys. 2009, 21, 255501. [CrossRef]

Gabardi, S.; Caravati, S.; Bernasconi, M.; Parrinello, M. Density functional simulations of Sb-rich GeSbTe phase change alloys. |.
Condens. Matter Phys. 2012, 24, 385803. [CrossRef]

Sosso, G.C.; Caravati, S.; Mazzarello, R.; Bernasconi, M. Raman spectra of cubic and amorphous Ge,Sb;Tes from first principles.
Phys. Rev. B 2011, 83, 134201. [CrossRef]

Akola, J.; Jones, R.O. Structural phase transitions on the nanoscale: The crucial pattern in the phase-change materials Ge,Sb, Tes
and GeTe. Phys. Rev. B 2007, 76, 235201. [CrossRef]

Hegedytis, J.; Elliott, S.R. Microscopic origin of the fast crystallization ability of Ge-Sb-Te phase-change memory materials. Nat.
Mater. 2008, 7, 399—-405. [CrossRef]

Kalikka, J.; Akola, J.; Jones, R.O. Crystallization processes in the phase change material Ge;SbyTes: Unbiased density func-
tional/molecular dynamics simulations. Phys. Rev. B 2016, 94, 134105. [CrossRef]

Sosso, G.C.; Miceli, G.; Caravati, S.; Giberti, F; Behler, ]J.; Bernasconi, M. Fast Crystallization of the Phase Change Compound
GeTe by Large-Scale Molecular Dynamics Simulations. J. Phys. Chem. Lett. 2013, 4, 4241-4246. [CrossRef] [PubMed]

Ding, K.; Wang, J.; Zhou, Y.; Tian, H.; Lu, L.; Mazzarello, R; Jia, C.; Zhang, W.; Rao, F.; Ma, E. Phase-change heterostructure
enables ultralow noise and drift for memory operation. Science 2019, 366, 210-215. [CrossRef] [PubMed]

Behler, J. First Principles Neural Network Potentials for Reactive Simulations of Large Molecular and Condensed Systems. Angeuw.
Chem. Int. Ed. 2017, 56, 12828-12840. [CrossRef] [PubMed]

Friederich, P.; Hase, F,; Proppe, J.; Aspuru-Guzik, A. Machine-learned potentials for next-generation matter simulations. Nat.
Mater. 2021, 20, 750-761. [CrossRef]

Deringer, V.L.; Caro, M.A.; Csanyi, G. Machine Learning Interatomic Potentials as Emerging Tools for Materials Science. Adv.
Mater. 2019, 31, 1902765. [CrossRef] [PubMed]

Ronneberger, 1.; Zhang, W.; Eshet, H.; Mazzarello, R. Crystallization Properties of the Ge,Sb, Te; Phase-Change Compound from
Advanced Simulations. Adv. Funct. Mater. 2015, 25, 6407-6413. [CrossRef]

Laio, A.; Parrinello, M. Escaping free-energy minima. Proc. Natl. Acad. Sci. USA 2002, 99, 12562-12566. [CrossRef] [PubMed]


http://dx.doi.org/10.1107/S0567740874004729
http://dx.doi.org/10.1016/0022-4596(72)90160-0
http://dx.doi.org/10.1016/j.mssp.2021.106052
http://dx.doi.org/10.1016/0923-0467(94)00202-9
http://dx.doi.org/10.1016/j.calphad.2005.01.002
http://dx.doi.org/10.1016/j.actamat.2016.09.017
http://dx.doi.org/10.1021/cm703484k
http://dx.doi.org/10.1107/S0108768104022906
http://www.ncbi.nlm.nih.gov/pubmed/15534378
http://dx.doi.org/10.1063/1.2901187
http://dx.doi.org/10.1103/PhysRevB.85.144114
http://dx.doi.org/10.1145/235815.235821
http://dx.doi.org/10.1016/j.mssp.2021.105948
http://dx.doi.org/10.1063/1.2801626
http://dx.doi.org/10.1088/0953-8984/21/25/255501
http://dx.doi.org/10.1088/0953-8984/24/38/385803
http://dx.doi.org/10.1103/PhysRevB.83.134201
http://dx.doi.org/10.1103/PhysRevB.76.235201
http://dx.doi.org/10.1038/nmat2157
http://dx.doi.org/10.1103/PhysRevB.94.134105
http://dx.doi.org/10.1021/jz402268v
http://www.ncbi.nlm.nih.gov/pubmed/26296172
http://dx.doi.org/10.1126/science.aay0291
http://www.ncbi.nlm.nih.gov/pubmed/31439757
http://dx.doi.org/10.1002/anie.201703114
http://www.ncbi.nlm.nih.gov/pubmed/28520235
http://dx.doi.org/10.1038/s41563-020-0777-6
http://dx.doi.org/10.1002/adma.201902765
http://www.ncbi.nlm.nih.gov/pubmed/31486179
http://dx.doi.org/10.1002/adfm.201500849
http://dx.doi.org/10.1073/pnas.202427399
http://www.ncbi.nlm.nih.gov/pubmed/12271136

	Introduction
	Computational Details
	Results
	Discussion and Conclusions
	
	References

