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Abstract

Nanowires made of chalcogenide alloys are of interest for application in phase change
non-volatile memories. For this application insights into their thermal properties and
in particular into the crystallization kinetics at the atomic level are crucial. To this
aim, we have performed large scale atomistic simulations of ultrathin nanowires (9

nm in diameter) of the prototypical phase change compound GeTe. We made use
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of an interatomic potential generated with a Neural Network fitting of a large ab-
initio database to compute the thermal properties of the nanowires. By melting a
portion of the nanowire, we investigated the velocity of recrystallization as a function
of temperature. The simulations show that the melting temperature of the nanowire is
about 100 K below the melting of the bulk which yields a reduction by about a factor
two in the maximum crystallization speed. Further, the analysis of the structural
properties of the amorphous phase of the nanowire suggests a possible origin of the

reduction of the resistance drift observed experimentally in nanowires with respect to

the bulk.



Introduction

Phase Change Memories (PCMs) are emerging as leading contenders for storage class mem-
ories that are sought to fill the performance gap between volatile dynamic random access
memory (DRAM) and non-volatile Flash memories.! The active material in PCMs is a
chalcogenide alloy, typically Ge;SbyTe; (GST), with a low field resistance that changes by
about three orders of magnitude across a reversible and fast crystalline-to-amorphous trans-
formation.?® Read out of the memory consists of a measurement of the resistance at low bias
suitable to discriminate between the low resistive crystal and the high resistive amorphous
phase. Joule heating at higher voltage induces the phase change, either the amorphization
of the crystal (reset process) via crystal melting, or the recrystallization of the amorphous
phase (set process).

Important issues for the development of storage class memories are the overall reduction
of cell size and of power consumption for the set/reset processes. A very attractive option in

)7,8

this respect involves the change of the PCM geometry by using nanowires (NWs)"* owing

to their higher crystallinity and controllable sizes down to very low scale. Many studies
have been devoted indeed to the synthesis and electrical characterization of GeSbTe, %13
GeSb,' SbyTes,,'* 7 and GeTe'®!®!824 NWs. Ultrathin InSbTe NWs with diameter be-
low 15 nm have also been synthesized recently by metal organic chemical vapor deposi-
tion methods (MOCVD).?* Moreover, core-shell NWs made of two materials with different
melting/crystallization temperatures have been shown to provide a suitable realization of

1.26:27 The reset currents decrease with the NWs size due to the reduction of

a multibit cel
cross-sectional area, heat and electric current confinement effects® and also because of a
reduction of the melting temperatures with decreasing NW thickness.?!?® A crystalline-to-
amorphous transformation has also been achieved without melting in GST and GeTe NWs
with significantly lower reset currents thanks to the formation, drift and jamming of dis-

locations produced by the electrical pulses.?**’ Measurements of the recrystallization time

under isothermal conditions revealed that recrystallization for thinner GST nanowires is



faster with a lower activation energy in comparison with thicker ones.” This feature has
been ascribed to a higher heterogeneous crystal nucleation rate at the surfaces of the NWs
with respect to the bulk which leads to an enhancement of the nucleation rate by increasing
the surface-to-volume ratio.?

However, one might conceive a device geometry in which only a small portion at the
center of the nanowire length undergoes the crystal-to-amorphous transformation due to
self-heating (with no heater device). In the set operation, the temperature of this region
would be rapidly brought above the glass temperature T, as it is realized in conventional
PCM. One would then realize a situation in which a small portion of supercooled liquid is in
contact with a crystalline phase. Under these conditions, heterogeneous crystal nucleation
at the nanowire surface would compete with crystal growth from the crystal/amorphous
(crystal/liquid) interface.

Another advantage of the use of NWs is the reduction of structural relaxations in the
amorphous phase with respect to the bulk.?! In fact, while the crystal is stable, the metastable
amorphous phase is subject to aging which leads to an increase in the electrical resistivity
with time. This phenomenon called drift®? is detrimental for the operation of PCM device
and it has been shown to be substantially reduced in NWs with respect to the bulk. 3

In this work we aim at providing an atomistic understanding of the different crystal-
lization and aging behavior of NW with respect to the bulk under the conditions described
above by means of molecular dynamics simulations.

We focus on the GeTe compound which shares a number of functional properties with
the most studied GeSbTe ternary alloys. The simulations are performed with an efficient
interatomic potential which allows handling systems containing several thousands of atoms.
The potential has been generated by fitting a high-dimensional neural network (NN)3435
to the total energies of a large database of reference structures computed within Density
Functional Theory (DFT).

After the brief outline of the computational methods in Sec. II, and of the choice of



the NWs geometry in Sec. IIIA, we report in Sec IIIB the results on the crystallization
properties of GeTe NWs. The comparison of the structural properties of the amorphous
phase of GeTe in the nanowire and in the bulk reported in Sec. IIIC suggests a possible
origin for the reduced resistance drift measured experimentally in chalcogenide NWs. The

analysis is based on the results of our previous study of this phenomenon in the bulk. ¢

Methods

We performed large scale molecular dynamics simulations by taking advantage of a machine-
learning based interatomic potential generated by fitting a database of DFT energies by
means of the Neural Network method introduced by Behler and Parrinello.*® Qur starting
point was the NN potential obtained in Ref.** which is suitable to reproduce the bulk prop-
erties of GeTe. The database used in Ref.?* consists of the total energies of about 30.000
configurations of 64-, 96-, and 216-atom supercells computed within DFT by employing the
Perdew—Burke—Ernzerhof (PBE) exchange and correlation functional®” and norm conserv-
ing pseudopotentials. As shown in Ref.?* the NN 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.**#! The transferability of the NN potential has been validated in previous
works for bulk liquid, amorphous, and crystalline GeTe.?**243 By employing this potential

4445 and on the

we gained crucial information on the fragility of the supercooled liquid phase
homogeneous*® and heterogeneous®” crystallization in the bulk.

The NN potentials provide a very accurate method to interpolate a given set of refer-
ence data from electronic structure calculations. However, they are not always reliable in
describing structures very different from those used in the training set. For example, the NN

potential constructed for bulk GeTe in Ref.?* is very likely to fail when applied to surfaces or

clusters. To deal with NWs, we have thus generated a new NN potential for GeTe by adding



in the training set 5000 new configurations of crystalline and amorphous GeTe in a slab
geometry (128-atom supercell) and about 7000 new configurations of crystalline, amorphous
and liquid GeTe in a NW geometry (120- and 256-atoms cells).

The 256-atom amorphous NW depicted in Fig. S1 in the Supplementary Information (SI)
has been used to validate the potential. Pair correlation functions and angle distribution
functions from DFT and NN simulations of the NW are reported in Figs. S2 and S3 in SL
The new potential also improves the description of bulk crystalline GeTe as shown in Table
S1 in SI and performs similarly to the older one** for bulk amorphous and liquid phases (see
Figs. S4-S5 in SI).

The NW geometry chosen for the simulations is described in Sec. IIIA. The simula-
tions were performed with the NN code RuNNer*® and by using the DL_POLY code as
MD driver.*? The time step was set to 2 fs and temperature was enforced by a stochastic

thermostat. °°

Results & Discussion

Modeling of GeTe Nanowires

At normal conditions GeTe crystallizes in a trigonal geometry (space group R3m, see Table
S1 in SI).%! This phase named a-GeTe, with two atoms per unit cell, can be viewed as a
distorted rocksalt geometry with an elongation of the cube diagonal along the [111] direction
and an off-center displacement of the inner Te atom along the [111] direction giving rise to
a 3+3 coordination of Ge with three short and stronger bonds (2.84 A) and three long and
weaker (3.17 A) bonds. In the conventional hexagonal unit cell of the trigonal phase, the
structure can be also seen as an arrangement of GeTe bilayers along the ¢ direction with
shorter intrabilayer bonds and longer interbilayers bonds (see Fig. 1). The trigonal phase
transforms into the cubic paraelectric phase (3-GeTe, space group Fm3m) above the Curie

temperature of 705 K.2 In the cubic phase, the alternation of long and short bonds partially



survives in a disordered manner along all equivalent j111; directions as revealed by extended

x-ray absorption fine structure (EXAFS) and x-ray total diffraction measurements. %54

Figure 1: Geometry of the GeTe crystal seen as a stacking of bilayers along the c axis of
the conventional hexagonal unit cell with the three short intrabilayers bonds and three long
interbilayers bonds (see Table S1 in SI). Blue (dark) spheres denote Ge atoms and green
(light) spheres denote Te atoms. The trigonal cell with two atoms is shiwn on the left.

GeTe nanowires have been grown by the vaporliquidsolid process with the [220] growth
direction (in the hexagonal notation with the redundant index omitted) and diameters in the
range 20-200 nm.'* 20 Single crystal a-GeTe nanowires with other growth directions have
also been synthesized.'®!%?%2! GeTe nanowires in the cubic phase have been grown along
the [110] direction?"?? which is equivalent to the [220] direction of the o phase. Therefore
we decided to simulate an ultrathin a-GeTe nanowire grown along the [220] direction as in
experiments.

To investigate the crystallization kinetics we had to perform several simulations at dif-
ferent temperatures, each about one ns long. Due to the high computational load, the
simulation cell had to be limited to about 15000 atoms which implies a NW diameter below
10 nm. A single crystal NW of this size is expected to expose well defined crystalline surfaces.

We selected the surfaces to be exposed by simulating NWs with different shapes at
high temperatures. We then selected the surfaces that do not undergo melting or strong
disordering in runs 30 ps long at 800 K. The experimental melting temperature, T,,, is 998

K.% Among the five surface planes containing the [220] growth direction, indicated in Fig.



2a, the stable ones turn out to be the (001) and the (112) surfaces. Moreover, the surfaces
exposing Te atoms are more stable than those exposing Ge atoms, consistently with their
lower DFT surface energies obtained in Ref.®® This analysis suggested as a first guess for
the NW geometry the hexagonal shape shown in Fig. 2b. We then annealed at 300 K and
then optimized at 0 K the geometry of a NW with the shape shown in Fig. 2b but enlarged
to a diameter of about 9.0 nm. In this process the (111) surfaces transformed into the most
stable (001) surfaces leading to a sort of polycrystalline shape with four grains. These grains
can be ideally obtained by reflections of one quarter of the cell shown by red lines in Fig. 2b
and then by suitably scaling the system to a diameter of about 9 nm.

The final shape of the optimized NW with four twin boundaries at the center is shown in
Fig. 3. This model consists of five replicas along the growth direction of a unit cell containing
3308 atoms with a lattice parameter along the growth axis of 16.93 A. This supercell used
to investigate the phase transitions thus contains 3308 x 5 = 16540 atoms (7980 Ge atoms
and 8560 Te atoms). Note that only the (001) surfaces terminated by Te atoms and the
mixed-terminated (112) surfaces are now exposed. These reconstructions remove the net
dipole moments present in the initial configuration (see Fig. 2b). The presence of twin
boundaries at the center of the NW leads to a partial reconstruction giving rise to a sort of
grain of a-GeTe with the ¢ axis forming an angle of about 33.7° with the growth direction of
the NW. The ¢ axis of this grain lies in the plane formed by the growth direction of the NW
and the direction indicated by z in Fig. 3. This misoriented grain contains 3200 atoms in the
16540-atom supercell. This particular shape is dictated by the very high surface-to-volume
ratio in this ultrathin NW.

Note that the supercell lattice parameter along the growth direction has been set by
using the theoretical equilibrium lattice parameters of crystalline a-GeTe reported in Table
S1 in SI. The model has 3D periodic boundary conditions, the wire being infinite along the
growth direction. The periodic images of the NW in the plane perpendicular to the growth

direction are very far from each other (16 nm) and they do not intercat because of the short
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Figure 2: (a) Top view of the (220) plane of a-GeTe with several low index surfaces containing
the [220] direction. (b) First guess for the section of the NW grown along the [220] direction.
The actual starting geometry has been obtained by scaling the hexagonal shape to a diameter
of about 9.0 nm. The part indicated by red lines can be used to generate a polycrystalline
NW with four twin boundaries exposing only the (001) and (112) surfaces (see Fig. 3).



range (cutoff radius of 6.879 A) of the the NN interatomic potential. A file with the atomic

positions and cell edges of the 3308-atom unit cell of the crystalline NW is given in the SI.

Crystallization Kinetics of the Nanowires

To mimic the reset process in a PCM we liquefied a portion of the crystalline NW shown in
Fig. 3 by keeping the rest of the atoms fixed in the crystalline positions as shown in Fig. 4.
The liquid part was equilibrated for 30 ps at 1500 K. The supercell lattice parameter along
the growth direction was also kept fixed. The system was then rapidly quenched below the
melting temperature and equilibrated for 25 ps at 12 intermediate temperatures in the range
500-950 K, namely at 950, 900, 875, 850, 825, 800, 750, 700, 650, 600, 550, and 500 K. At
this stage all the atoms of the model were free to move. At each temperature, we performed
constant temperature simulations, 400 ps long, to study the kinetics of crystallization.

Firstly, we observed that at 850 K and above the crystalline part of the NW melts, while
at 825 K and below the NW recrystallizes. We can conclude that the melting temperature
of the NW is in the range 825-850 K. This value is sizably lower than the theoretical bulk
melting temperature of 1001-1023 K computed from thermodynamic integration for the NN
potential in Ref.#* which is very close to the experimental value of 998 K.%°

A reduction in T,, in NWs with respect to the bulk is expected in agreement with
experimental findings.?"?® However, since the NN potential used here is slightly different
from that of Ref.,** we repeated the estimate of bulk T,, by repeating simulations similar
to those performed for the NW. Namely, we built a slab geometry with a liquid part at high
temperature in contact with a crystalline part initially frozen forming. The model is thus
amde of two crystal/liquid interfaces periodically repeated in the direction perpendicular to
the interface. Then we reduced the temperature by letting also the atoms in the crystalline
part to move. Since the temperature is always above the a-3 transition, the crystalline part
was modeled in the § phase. We considered two different slab geometries exposing either

the (100) or the (110) crystalline phase in contact with the liquid. Note that the (110) plane
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Figure 3: (a) Cross section and (b) side view of the GeTe NW used in the simulations. The
nanowire has a hexagonal section with a dia.x{liater of about 9.0 nm.




Figure 4: Snapshot of the liquefied portion of the GeTe NW in a 1500 K simulation where
a part of the atoms has been kept fixed in the crystalline position.

of the cubic phase corresponds to the (110) plane of the o phase which is perpendicular to
the [220] growth direction. This interface is therefore close to the liquid/crystal interface
in our NW model. The slab used for these bulk-like simulations with the (110) interface is
shown in Fig. 5, the corresponding figure for the (100) interface is given in Fig. S6 in SL
The supercell lattice parameters were set either by choosing the experimental density for the
liquid phase®” (see also Ref.%*) and the equilibrium volume of the 3 phase. The latter was
fixed to either that of the a phase computed from the NN potential, or to the experimental
value of the 3 phase at the a-3 transition (0.0369 at./A%),5 supplemented by the thermal
expansion with a linear expansion coefficient of 6.67-1075 K—1.%9

By looking at the movement of the liquid-crystalline interface we obtained a rough esti-
mate of T,, because at temperatures below T,,, the liquid crystallizes and the interface moves
towards the liquid while at temperature above T,,, a part of the crystalline region melts and

the interface moves towards the crystal. In this way we estimated T,, to fall in the 900-925
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Figure 5: (a) Top view and (b) side view of the slab model used to estimate the melting
temperature for the bulk in the initial configuration with the (110) surface of crystalline
B-GeTe in contact with the liquid. (c¢) Snapshot after 300 ps of simulation at 700 K showing
the crystallization of the liquid. Bonds are drawn only in the liquid region.
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K range for both the (110) and (100) interfaces. The results do not change for the different
choice of the equilibrium densities discussed above. We repeated the same simulations with
the old NN potential of Ref.** which yielded T,, in the range 900-925 K for both the (100)
and (110) interfaces. The melting temperature is therefore very similar for the two versions
of the NN potential. We also repeated the simulations by including in the old and new NN
potentials the van der Waals interaction according to Grimme® with the same parameters

used in Ref.**

with very similar bulk T,, in the range 900-925 K as well. The estimate of
T,. ~ 925 K given here for the bulk is somehow lower than the result of the thermodynamic
integration T,, ~ 1001-1023 K reported in Ref.%* The reason for this discrepancy remains
to be seen, but for the purpose of the present investigation the main outcome is that T,, for
the bulk is about 100 K higher than for the ultrathin NW when estimated with the same
procedure. The decrease in T,, in the NW with respect to the bulk is lower than in the
experimental work of Ref.?! where a melting temperature of 663 K has been reported for
crystalline NWs 40-80 nm wide. The higher thermal stability of our model might be related
to the choice of particularly stable crystalline surfaces which could be less abundant in the
larger and rounded NWs grown experimentally.

We then analyzed the kinetics of recrystallization of the NW at temperatures below T,,.
We did not observe crystal nucleation in the supercooled liquid but the growth of the crystal
from the liquid/crystal interface. Snapshots of the crystallization of the NW at 700 K are
shown in Fig. 6. To estimate the crystal growth velocity we proceeded as we did in Ref.*”
for the bulk crystallization at the liquid/crystal interface.

In order to assess whether an atom i belongs to the crystal or the liquid phase, we

employed a variant of the order parameter for crystallinity introduced in Refs.%"%* Namely,

we used the averaged local order parameter gy,,(i) to build an order parameter Q4(i) as

Ny (i
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Figure 6: Recrystallization of GeTe NW at 700 K. Model of the NW partially liquefied (left)
and partially recrystallized after 300 ps (right). Bonds are drawn only in the liquid region.

1 Ny (i)
Tm(i) = = ; ZQ4m(k)
5(1) =0
1 Ny(k)
im(8) = o O Yin (i) 1)
=1

where j runs over the N, (i) neighboring atoms, k runs over the ﬁb(i) neighboring atoms
including the i-th atoms itself, and Yj,,(f;) are the spherical harmonics of the polar angles
defined by the versor #;; which links atoms & and [. The neighboring N, (i) atoms include
the first coordination shell of crystalline GeTe at its theoretical equilibrium density. We
define as crystalline an atom with Q4 greater than 0.9, and we consider two crystalline
atoms connected when their distance is below 3.6 A. This choice was shown to effectively
discriminate the liquid from the crystalline nuclei in the simulations of GeTe crystallization
in bulk in our previous work*” which we refer to for further details.

We then defined an effective thickness of the crystalline part L. as defined by
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dhkt
L, =N, - 2
2Nsurf ( )

where N, is the number of crystalline atoms at time ¢, dji; is the spacing between (hkl)
crystallographic planes, and N, s is the number of atoms in a pristine crystalline surface
layer. The factor 1/2 accounts for the fact that two crystal fronts are growing simultaneously
from the two sides of the crystalline portion of the NW. In the NW simulations the liquid
is in contact with the (110) plane (in the cubic notation which is equivalent to the (110)
plane of the a-phase in the hexagonal notation, with the redundant index omitted). The djq
spacing is ~ 2.11 A and depends very little on temperature. The speed of crystal growth u
is then obtained from the slope of L. as a function of time. Examples of the time evolution
of L. in the NW at two different temperatures are given in Fig. 7. The corresponding plot
for the other temperatures is given in Fig. S7 in SI.

The same analysis was repeated for the bulk-like crystallization in the slab geometry used
to estimate bulk T,, described above. The resulting crystal growth velocities for the NW
and for the bulk at the (110) liquid/crystal interface are reported in Fig. 8 as a function of
temperature. The crystal growth velocity at the liquid/crystal (110) interface in bulk GeTe
is similar to the values obtained previously at 500 K and 700 K for the (111) and (100)
interface in Ref.%”

In our previous works“%4” we have shown that the crystal growth velocity for supercritical
nuclei in the supercooled liquid and at the crystal-liquid interface in slab models can be

described by the expression for classical nucleation theory (CNT)®%

u="2(1 ~ exp(~Au/ksT))eap(Bp/2k5T) 3)

where D is the diffusion coefficient and Ay is the difference in free energy between
the liquid and crystalline phases and A is a typical jumping distance. The last exponential

factor in Eq. 3 was omitted in Refs. %47 which is a good approximation close to T,,. The last
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Figure 7: Linear dimension of the crystal growth front (L..(t) L.-(to), see text) as a function
of time in the NW at 500 K and 700 K. The shaded area indicate the interval used to define
the slope of the curves which corresponds to the crystal growth velocity.

exponential term enhances the crystal growth velocity at lower temperatures and removing
this term actually leads to a better fitting of our simulation data. For the sake of consistency
this term is, however, kept in the fitting procedure described below.

The highest crystal growth velocity of about 8 m/s at the crystal/liquid interface in bulk

shown in Fig. 8 occurs at about 750 K. This value is lower than the corresponding estimate
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Figure 8: Crystal growth velocity u for the NW (green triangle) and the (110) crystal/liquid
interface in the bulk (red dots, see text). The continous lines are the result of the fitting
with Egs. 3 and and 4.

of about 800 K given in Ref.*® on the basis of the extrapolation with CNT of simulations
data below 650 K. This discrepancy is, however, in line with the melting temperature of
about 925 K reported here which differs from the value of 1001-1023 K used in the extrapo-
lation procedure of Ref.%® Time resolved electron diffraction measurements on laser-induced
crystallization of bulk GeTe yielded a maximum crystal growth velocity of about 3.3 m/s at
850 K.

The lower crystal growth velocity in the NW with respect to the bulk (see Fig. 8) can be
ascribed to the lower T, of the NW which leads to a lower thermodynamical driving force for
the crystallization Ay at a given temperature in the NW with respect to the bulk as discussed
below. The data on the crystal growth velocity for the bulk and NW can actually can be
satisfactorely reproduced by Eq. 3. Because of the presence of the free surfaces and of the
interface with the crystal the atomic mobility is inhomogeneous in the partially molten NW.

We therefore used in Eq. 3 the temperature dependent diffusion coefficient calculated for
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the homogeneous bulk in our previous work*! (D = D, exp( -E,/kp T), with D, =1.2-1073
cm?/s and E, = 0.296 eV). We set A= 3 A and we used the Thomson-Spaepen® formula for

the temperature dependent driving force Ay, namely

 AH2T(T,, — T) , (1 T,
A= e DA T T @)

where AH; is the latent heat of fusion, and the parameter A is defined by the approx-

imated value for the difference in the specific heat at constant pressure between the liquid
and solid written as ACp = %f— + A(T —T,). The value AH;=0.186 eV /atom for the bulk
was obtained from NN simulations in our previous work.** For the NW we have scaled AH;
by the ratio TAW /Tt“¥ under the assumption that the entropy of fusion is the same in the
bulk and NW. We have taken A as a fitting parameter for the crystal growth velocities in the
bulk which yielded A = —7.13- 1077 eV/atom/K2. This value is within the range of values
obtained for different classes of materials in Ref.% . As a first approximation the same value
for A was taken for the NW. According to the discussion reported above, we have taken 7,,=
915 K for the bulk and 7,,=825 K for the NW. The analytic curves for the crystal growth
velocities of bulk and NW, obtained from Egs. 3 and 4 with the parameters given above,
are shown in Fig. 8. The agreement with the actual values of the crystal growth velocities
extracted from the simulations is only qualitative, but overall satisfactorily, considering the
uncertainties in the approximations and parameters involved. These results suggest that
the difference in the crystal growth velocities between the NW and the bulk can be mostly

accounted for by the different melting temperatures.

Structural relaxations and resistance drift in nanowires

The metastable amorphous state of phase change materials is subject to aging which leads
to an increase in the electrical resistivity with time. This phenomenon called drift®? is

described by a power law function R = R,(t/t,)” where R and R, are the resistance at
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time ¢ and £, and v is the drift exponent. The drift should be kept as low as possible as it
affects the reliability of the devices and it hinders the realization of multilevel cells.** Optical
ellipsometry measurements of the prototypical compound Ge;SbyTe; upon drift have shown
a widening of the band gap and a reduction of Urbach tails. %"

By means of combined molecular dynamics simulations and electronic structure calcu-
lations based on DFT, in a previous work*® we found that the resistance drift in the pro-
totypical phase change compound GeTe can be ascribed to the removal of chains of Ge-Ge
homopolar bonds. These structural relaxations lead to both an increase of the Tauc optical
gap and to a reduction of the Urbach tails.

We briefly summarize the results of our previous work on bulk GeTe?*® before address-
ing the same issue in NW. Models of a-GeTe 1728-atom large were generated in Ref.?6 by
quenching from the melt within NN-MD simulations. The structure of amorphous models
were then relaxed by DFT-PBE simulations with the CP2k suite of programs.® In order to
study the Ubach tails and the defect states in the gap, the Kohn-Sham energies were then
computed with the exchange-correlation potential proposed by Engel and Vosko (EV)% and
with the self-consistent electronic density at the PBE level. This functional is known to
better reproduce the band gap and it is less computationally demanding than the hybrid
functional used previously with small models. ™

The analysis of the electronic structure revealed the presence of a broad distribution of
localized states in the gap and at the band edges. A clear correlation was found between
these localized electronic states and the presence of short chains of Ge-Ge homopolar bonds.
Homopolar Ge-Ge bonds are indeed abundant in a-GeTe. In the models of Ref.?¢ about 72
% of Ge atoms forms at least one bond with another Ge atom. About 48.5 % of Ge atoms
belongs to Ge-Ge chains containing four or more Ge atoms. These Ge-Ge chains are not
an artifact of the NN potential as a similar distribution of Ge-Ge chains was found in ten
216-atom models of a-GeTe generated either by NN or by full DFT-PBE simulations. These

chains of Ge-Ge bonds are not isolated from the rest of the amorphous network, Ge atoms
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belonging to the chains are mostly four-fold coordinated and bonded with Te atoms as well.

We then envisaged that the removal of these Ge-Ge chains would lead to a reduction of
the in-gap states and to a widening of the band gap. To check this idea we removed part
of these chains by metadynamics simulations”™ at 300 K. This technique allows breaking
the Ge-Ge bonds in an affordable simulation time even at lower temperatures where atomic
mobility is low and crystal nucleation does not occur. Annealing at 500 K leads instead to
partial crystallization on the time scale of few hundreds ps.® The metadynamics method ™
is based on a coarse-grained, non- Markovian dynamics in the manifold spanned by few
reaction coordinates (collective variables), biased by a history-dependent potential, which
drives the system towards the lowest saddle point. In our case, we chose two collective
variables defined by the partial coordination numbers Ge-Ge and Ge-Te for atoms in Ge-Ge
chains. After metadynamics simulations 4 ns long, the geometry of the resulting model was
optimized at the DFT-PBE level. The final configuration was about 10.8 eV (1728-atom)
lower in energy than the initial one optimized at DF'T-PBE level before the metadynamics
was applied. In the final state after metadynamics, the fraction of Ge atoms in chains
containing more than four Ge atoms was reduced from 48.5 % (before metadynamics) to
39.6 %.

The decrease in the number of Ge-Ge chains actually leads to a reduction of Urbach tails
and of the states in the gap and to an enhancement of their localization. A widening of the
band gap was also observed as quantified by the Tauc optical gap. This is defined as the
energy E for which the linear extrapolation of the function £ \/m becomes zero, where
€2(E) is the imaginary part of the dielectric function computed from the Kubo-Greenwood
formula as we did previously for GeTe and other chalcogenide compounds.™ After metady-
namics simulations the Tauc optical gap increased by about 20 meV that is even quantita-
tively close to the increase of the Tauc gap by 40 meV measured experimentally in Ge;SbyTes
upon drift.

In the a-GeTe models, a fraction of about 30 % of Ge atoms is in tetrahedral configuration
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while the rest of atoms are in defective octahedral (4- or 5-fold coordinated) or pyramidal
(3-fold coordinated) configurations.*®3* The decrease in the fraction of Ge-Ge bonds due
to the removal of Ge-Ge chains also leads to a reduction of tetrahedra which are favored
by homopolar bonds, as indeed revealed by recent XANES measurements.”™ The area of
the XANES feature associated with tetrahedra decreases by at most 10 % upon drift which
means that this change involves about 3 % of Ge atoms. After metadynamics the fraction of
tetrahedral Ge atoms decreases from 32 % to 30 % of the total number of Ge atoms which
is a reduction even quantitatively consistent with the XANES data.™

In a recent DFT study of 216-atom models,” the reduction of tetrahedra was actually
proposed as the main source of the resistance drift in a-GeTe.™ In our simulations the
reduction of tetrahedra was much lower than the reduction in the number of Ge atoms in
longer Ge-Ge chains responsible for the states in the gap and at the band edges. We therefore
suggested that the reduction of tetrahedra is a side effect of the removal of chains of Ge-Ge
bonds. We remark that similar chains of wrong bonds (Ge-Ge, Ge-Sb and Sb-Sb) are present
also in DFT models of a-GeySh,Tes.7® Chains of Sb-Sb bonds are also found in the DFT
model of amorphous SbyTe; of Ref.,”” which would suggest a similar origin for the drift in
a-SbyTez which lacks tetrahedral Ge sites. The removal of homopolar (wrong) bonds might
be a common feature of the resistance drift in GeSbTe alloys.

A statistical analysis of the DF'T electronic structure of several small 216-atom models of
a-GeTe generated with a Tersoff-like potential ™ also confirmed that the removal of homopo-
lar bonds lead to a bleaching of band gap states. In this latter work, however, the drift is
not ascribed to a widening of the band gap but to a shift of the Fermi level towards midgap
upon aging. This conclusion seems at odds with more recent experimental data on GeTe
and GeySh,Tes that show a strict correlation between the activation energy for conduction
and the optical band gap upon drift which implies a negligible shift of the Fermi level.

On the basis on the analysis of the drift in bulk GeTe summarized above, we have

analyzed the structure of a model of an amorphized NW. Once a part of the NW was melt
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as described in Sec. IIIB, the temperature was rapidly decreased to 300 K in about 100 ps.
This procedure leads to the formation of an amorphous section containing about 4700 Ge
atoms shown in Fig. 9. A file with the atomic positions and cell edges of the 16540-atom

partially amorphized NW is given in the SIL.

Figure 9: Snapshot of the amorphized part of the GeTe NW.

The fraction of Ge atoms that form at least one homopolar bond is about 60 % similarly
in the NW and in a bulk model of a-GeTe generated with the same protocol (4096-atom).
However, while in the bulk a fraction of 33 % of Ge atoms are within Ge-Ge chains containing
more than four Ge atoms (in models generated with the new NN potential used here), in the
NW this fraction reduced to 26 %. Although it might seem just a tiny change we remark
that a reduction of about 10 % of the fraction of Ge atoms involved in longer chains (> 4

Ge atoms) was sufficient to sizably clean the in-gap states and widen the band gap in the
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metadynamics simulations of Ref.?%¢
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Figure 10: Distribution of the number of chains of Ge-Ge bonds as a function of the num-
ber (> 4) of atoms in the (also branched) chain in the amorphous part of a mixed crys-
talline/amorphous GeTe NW (upper panel) and in a bulk model of a-GeTe. There are 4722
Ge atoms in the amorphous part of the NW and 2048 Ge atoms in the bulk model. The
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The distribution of the Ge-Ge chains in the NW and in a bulk model of a-GeTe are
reported in Fig. 10. The bulk model 4096-atom large was generated by quenching from the

melt following the same protocol used in Ref.?® The distribution of Ge-Ge chains refer to
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the model optimized with the NN potential only (the same used for the NW) while in the
analysis of Ref.?® the 1728-atom a-GeTe model generated with the NN potential was further
relaxed at the DFT level. The absolute number of Ge-Ge chains is larger in the NW than in
the bulk because of the larger number of Ge atoms (4722 in the amorphous part of the NW
and 2048 in the bulk), but the fraction of Ge atoms beloging to the Ge-Ge chains is lower in
the NW than in the bulk as discussed above. The presence of the free surfaces in the NW
somehow favors a better structural relaxation during the reset process that leads to a more
stable amorphous state with a lower fraction of longer Ge-Ge chains. This feature could

explain the mitigation of the drift phenomenon in GST NW observed experimentally.?!

Conclusions

We have performed large scale atomistic simulations on the crystallization kinetics of GeTe
nanowires by using an interatomic potential based on the fitting of a large DFT database
by means of a Neural Network scheme. The model of an ultrathin NW with diameter of
about 9 nm was generated by choosing the [220] growth direction detected experimentally
in several NWs synthesized via the vapor-liquid-solid process. The shape of the NW was
chosen in order to expose the most stable crystalline surfaces. The simulations revealed that
the melting temperature is lower by about 100 K in the NW with respect to the bulk as
estimated from the coexistence of the crystal/liquid interface. The crystallization speed is
consistently lower than in the bulk by about a factor two mostly because of the reduced T,,
which implies a lower thermodynamical driving force for crystallization. This overall small
reduction in the crystallization speed with respect to the bulk makes the NW attractive for
applications in PCM as suggested in several previous experimental works on GeTe and other
materials in the same class. The analysis of the amorphous NW generated by quenching
from the melt revealed a lower fraction of chains of homopolar bonds with respect to the
bulk. These latter structures are subject to aging with time and they have been identified

in our previous work as the source of resistance drift in the amorphous phase of the bulk.
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A lower fraction of these structures could be the source of a mitigated drift phenomenon
in the NW reported experimentally. However, other mechanisms can be at hand to reduce
the drift in NW once the amorphization is obtained without melting such as for instance by

migration and jamming of dislocations as proposed in Ref.?%30
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