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Germanium rich GeSbTe alloys have recently emerged as promising materials for embedded phase change
memories of interest for applications in the automotive sector thanks to the high crystallization temperature of
their amorphous phase. Crystallization of Ge-rich GeSbTe alloys can lead to phase separation with segregation
of crystalline Ge. The inhomogeneity of the resulting system brings, however, some drawbacks such as the drift
of the electrical resistance with time of the crystalline phase. To mitigate these effects, a better understanding
of the decomposition process is needed. In this work, we performed density functional calculations on possible
decomposition pathways of the GesSboTes alloy as an example of Ge-rich GeSbTe alloy on the Ge-SboTes
pseudobinary line. The energetics of the transformation into crystalline Ge and a less Ge-rich alloy is investi-
gated as well as the structural, electronic and vibrational properties of some possible decomposition products
such as GesSbaTes or GeaSboTe1, among several others, in both the crystalline and amorphous phases.

I. INTRODUCTION

Phase change materials are chalcogenide alloys suitable to
switch reversibly between crystalline and amorphous phases
on a very short time upon Joule heating'. This feature is
exploited in the realization of non-volatile electronic mem-
ories, named phase change memories (PCM)%*, which have
been commercialized since 2017 by the companies Intel and
Micron. These devices, based on a 3D-Xpoint”* cross-bar
technology?, entered the market as the first realization of the
so-called storage class memories designed to fill the perfor-
mance gap between the fast but volatile dynamic random ac-
cess memories (DRAM) and the nonvolatile but slow flash
storage®.

The operation of the device is based on the application of
current pulses suitable to induce the melting of the crystal and
its subsequent amorphization (reset) or the recrystallization
of the amorphous phase (set). The logical information of the
memory can be encoded thanks to the large difference in the
electrical resistivity of the two phases that can be easily read
at low bias.

More recently, PCMs are also emerging for applications in
embedded nonvolatile memories’, in particular for the auto-
motive sector. For this latter application, the operation tem-
perature of the device is higher than that of conventional
stand-alone PCMs which imposes the use of materials with
crystallization temperature 7'y higher than that of the flagship
GeySbyTes (GST225) phase change alloy. The mostly used
GST225 alloy has indeed a crystallization temperature in the
range 420-440 K3; this alloy can be seen as a pseudobinary
compound along the GeTe-SbyTeg tie line!.

Ge-rich GeSbTe (GST) alloys off the pseudobinary GeTe-
SbyTes tie line have been engineered for application in em-
bedded memories. In fact, it was shown that the crystalliza-
tion temperature can be increased up to 570 K by raising the
Ge content along the Ge-(SboTes) pseudobinary line®. Ge-
rich alloys on the Ge-GeySbyTes'? or Sb-GeTe!!»1? pseudobi-
nary lines have been also optimized to improve data reten-
tion (stability of the amorphous phase) for embedded applica-
tions. The higher crystallization temperature of these alloys
also guarantees code integrity of the memory during solder-

ing.

The crystallization of as-deposited Ge-rich GST alloys ac-
tually leads to the formation of crystalline Ge and a face-
centered-cubic crystal’. Similar results have been obtained
in Ref. 13 where crystalline GST225 and Ge were identified
as the result of crystallization of a film of Ge-rich GST alloys.
In this latter work, the higher crystallization temperature of
Ge-rich GST was ascribed to the phase separation with segre-
gation of crystalline Ge which slows down the process due to
mass transport. Whether this is the case also for the set pro-
cess of the memory is, however, unclear. On the other hand,
phase separation with the formation of crystalline Ge and a
less Ge-rich alloy is observed also in the initialization (form-
ing) of PCM cells'*!>. Moreover, it has been noted that the
kinetics of the crystallization depends on the preparation con-
ditions, in fact crystallization is different in the as-deposited
and melt-quenched amorphous phase and in the melt'¢.

The increase in data retention with Ge enrichment has,
however, some disadvantages such as a resistance drift in the
crystalline phase aside from the most common drift in the
amorphous phase due to aging”!'’. To better control eventual
detrimental effects of the phase separation, a better knowledge
of the crystallization process and of the resulting crystal com-
positions and structures is actually needed.

In this work, we present a theoretical study based on den-
sity functional theory (DFT) of possible decomposition path-
ways of the Ges;SbyTes (GSTS23) alloy that it is the first,
i.e., the less Ge-rich, of a series of Ge-rich alloys with high
Tx on the Ge-SbyTes pseudobinary line investigated experi-
mentally in Ref. 9. GST523 was also found among the most
abundant products of the crystallization of very Ge-rich alloys
(e.g. Ge1gSbyTes) used in several demonstrators for embed-
ded PCMs'®. In this respect, we have to consider that the
reactions of relevance for the operation of the memory might
not lead to the thermodynamically most stable products, but
to the metastable systems due kinetic hindrances. For in-
stance, amorphous GeSbyTey (GST124) and GST225 alloys
in PCMs crystallize into the metastable cubic phase and not in
their most stable trigonal phases. The cubic crystal is always
metastable, also at the temperature of the set process of the
memory which is tuned in between the glass transition and the



melting temperatures where crystal growth velocity is maxi-
mal. The formation of the metastable cubic phase instead of
the thermodynamically stable trigonal ones is due to the short
time span on which the crystallization takes place during set.
The crystalline nuclei always form in the cubic phase as also
shown by atomistic simulations®. In fact, it is much easier
for the amorphous network to turn into the cubic phase with a
random distribution of stoichiometric vacancies in the cation
sublattice. The formation of the trigonal phase requires in-
stead the ordering and coalescence of these vacancies to form
van der Waals gaps between the slabs of the layered trigo-
nal structure. This process occurs only at higher temperatures
and/or on a longer time scale®. A cubic crystal, although with
no information on composition, was also found upon crystal-
lization of alloys on the Ge-SbsTes pseudobinary line in Ref.
9 including GST523, as already mentioned above.

On these premises, we have first investigated the energetics
of the decomposition of GST523 into trigonal compounds on
the GeTe-SbyTeg tie line. Then, we considered the decompo-
sition pathways GST523 — Ge,SboTes + (5-2)Ge along the
Ge-Sb,Tes pseudobinary-line to verify the existence of a more
stable composition on this line. Note that in the following we
will use the notation GSTXYZ for the alloy with Ge,Sb, Te,
composition. Finally, we have considered more complex re-
actions involving also crystalline GeTe such as GST523—
Ge,SbyTes_, + yGeTe + (5-z-y)Ge. In these latter reactions,
crystalline GeSbTe alloys have been modeled by the cubic
rocksalt crystal which the amorphous phase is supposed to
transform into, as occurs for GeTe-SbyTes pseudobinary al-
loys.

We also considered the reverse reaction of possible regen-
eration of amorphous GST523 during the reset process of the
memory by analyzing the energetics of amorphous models
produced by quenching from the melt in DFT molecular dy-
namics. The different compositions mentioned above have
then been investigated in the amorphous phase as well to pro-
vide insight onto the evolution of the structural and electronic
properties with composition. In this respect, we remark that a
very recent paper has reported a DFT study of the structural
properties of the amorphous phase of Ge-rich alloys on the
Ge-GST124 pseudobinary line'3.

Furthermore, we computed the phonon density of states and
the Raman spectra of the crystalline and amorphous phases of
the alloys at different compositions to provide some reference
data for the detection of the different alloys by micro-Raman
spectroscopy.

The paper is organized as follows: After a description of the
computational details in Sec. II, the results are presented first
for the crystalline phases and then for the amorphous phases
in Sec. III.

II. COMPUTATIONAL DETAILS

DFT calculations were performed by using the exchange
and correlation functional due to Perdew, Burke, and Ernzer-
hof (PBE)!® and the norm conserving pseudopotentials from
Goedeker, Teter, and Hutter of Ref. 20. Kohn-Sham (KS)

orbitals were expanded in Gaussian-type orbitals of a valence
triple-zeta-valence plus polarization basis set, while a basis set
of plane waves up to a kinetic energy cutoff of 100 Ry is used
to represent the charge density as implemented in the CP2k
package?!. The same framework was employed in our previ-
ous works on GST225 and Sb-rich GST alloys®>*. There is
evidence in the literature that the inclusion of van der Waals
(vdW) interactions is important to properly describe the struc-
tural properties of GeTe and Ge,SboTes>. We therefore in-
cluded the semiempirical correction due to Grimme?® for van
der Waals interactions to model the Ge-rich alloys addressed
here.

Crystalline and amorphous phases of ternary GST alloys at
all compositions were modeled in cubic 216-atom supercells.
Equilibrium geometries and densities at zero temperature of
the crystalline phases were obtained by full relaxation of the
atomic positions and cell edges. The total energy of the sys-
tem was calculated for various volumes and then the equation
of state was fitted by the Birch-Murnaghan function. For ge-
ometry optimization, the Brillouin zone (BZ) integration was
restricted to the supercell ' point. For the calculation of the
reaction free energies, total energies have then been computed
with a 3x3x3 k point mesh of the supercell BZ for all crys-
talline and amorphous phases.

All crystalline Ge-rich GeSbTe alloys were modeled with
the cubic rocksalt structure analogous to the metastable cubic
phase of GST225. The cubic crystalline phases display partial
disorder on the cationic or on both the cationic and anionic
sublattices. To properly include disorder, the models were
generated by using special quasi-random structures (SQS)*’
with the code of Ref. 28.

The energy of the GST124, GST225, and GST326 were
computed in the trigonal ground state geometry with the two
Sb layers close to the van der Waals gap separating the 7-,9-
and 11-layer lamellae in the three compounds with no disor-
der in the Ge/Sb sublattices®. These latter calculations were
performed with the code Quantum-Espresso (QE)** and the
Grimme vdW correction of Ref.*!. The resulting energies
were used to compute the formation energy of the GST124,
GST225 and GST326 trigonal crystals with respect to the
parent compounds GeTe and SboTes. The formation energy
is actually negative and amounts to -4.99, -3.78, and -2.98
meV/atom for GST124, GST225 and GST326, respectively.
We remark that a positive formation energy was found instead
in a previous work??, possibly due to the neglecting of vdW
interactions that are expected to be more important in the lay-
ered compounds GST124, GST225, GST326 than in GeTe.
The CP2k total energy of GST124, GST225, and GST326 has
been then computed from the total energy of GeTe and SbyTes
supplemented by the formation energy given above.

The amorphous models were generated by quenching from
melt by DFT molecular dynamics simulations in the Born-
Oppenheimer (BO) approximation with a timestep of 2 fs,
as in previous works on GST alloys by us*>433 and other
groups®*3> and on several other phase change alloys®. The
liquid phase for all compositions has been modeled in a cubic
supercell. In the lack of experimental data on the density of

these alloys, the cell edges of the cubic supercell have been



chosen such that the density of the liquid phase was 8% less
than in the crystalline phase as it is known experimentally for
the GST225 compound®’. The liquid was generated by heat-
ing the crystalline models at 2000 K for 2 ps. Then the system
has been thermalized at 1000 K for other 8.5 ps. Finally, it
has been quenched in almost 100 ps to 300 K in constant pres-
sure, constant temperature (NPT) simulations in order to get
the equilibrium density at normal conditions. Only isotropic
changes of the cell were allowed in the NPT simulations. The
equilibrium volume at 300 K was assigned to the average vol-
ume of a NPT simulation 3.5 ps long. A NVT simulation 12
ps long was then performed to compute the average structural
properties at 300 K.

Finally, an equation of state at zero temperature was
obtained by optimizing the atomic positions for different
volumes and by fitting the resulting energy with a Birch-
Murnaghan function. The resulting equilibrium geometry was
used to compute the equilibrium density and energy at 0 K, the
phonon frequencies and the electronic density of states.

Phonon frequencies of crystalline and amorphous models
were computed by diagonalizing the dynamical matrix ob-
tained in turn from the variation of atomic forces due to finite
atomic displacements 0.0053 A large. Only phonons with the
periodicity of our supercell (I' point phonons) were consid-
ered.

The localization properties of phonons in the amorphous
models were analyzed by computing the inverse participation
ratio (IPR) which is defined for the j-th vibrational mode as:
eGimy|*

5| %
(S )’

where e(j, k) are phonon eigenvectors and the sum over x
runs over the IV atoms in the unit cell with masses M,.. Ac-
cording to this definition, the value of IPR varies from 1/N
for a completely delocalized phonon, to one for a mode com-
pletely localized on a single atom.

Raman spectra in backscattering geometry for non-
polarized light were also computed from I' point phonons
within the bond polarizability model (BPM)?® that we devel-
oped in a previous work for GeSbTe alloys®}. We considered
Raman scattering from polycrystalline samples®. Different
BPM parameters were used for the crystalline and amorphous
phases as prescribed in our previous work™3.

Finally, the electronic density of states (DOS) was com-
puted for crystalline models with the QE code with the tetra-
hedron method on a 12x12x 12 k-points mesh. For the amor-
phous models the DOS were computed still with the QE code
from the energies of KS states over a 10x10x10 k-points
mesh which were broadened with a Gaussian function with
variance of 35 meV.

IPR = (1)

III. RESULTS

The only thermodynamically stable ternary GeSbTe com-
pounds lay on the GeTe-SbyTes pseudobinary tie line. There-

fore, we investigated possible decompositions in the most sta-
ble compounds along the pseudobinary GeTe-Sb,Tegs tie line
in the trigonal crystalline phase such as

GST523 — 2 GST124 + £ Sb + 1T Ge (1)
GST523 — § GST225 + % Sb + % Ge (2)
GST523 — 2 GST326+Sb + 3 Ge (3)
GST523 —  3GeTe+2Ge+2Sb  (4)

However, in the set process of the memory the crystal-
lization of the amorphous phase is very fast and it typically
leads to the formation of metastable phases as is the case for
GST225 which crystallizes in the metastable cubic rocksalt
phase. Similarly, either in the forming or set operations we
might expect that GST523 could crystallize by phase separa-
tion into metastable structures and metastable compositions
and not necessarily into the thermodynamically most stable
alloys.

Therefore, aside from the decomposition path of GST523
into the thermodynamically stable products, we have to con-
sider alternative paths into metastable phases that might be
kinetically more favorable. For instance, we considered first
different possible decomposition paths of GST523 into crys-
talline Ge and less Ge-rich crystalline GST alloys along the
Ge-SbyTes pseudobinary line as follows:

GST523 — SbyTes + 5 Ge (5)
GST523 — GST123 + 4 Ge (6)
GST523 — GST223 + 3 Ge (7)
GST523 — GST323 + 2 Ge (8)
GST523 — GST423 + Ge (9)

Furthermore, we considered the more complex reaction with
the formation of crystalline GeTe as

GST523 — GST221 +2 GeTe + Ge (10)

The choice of reaction (10) is motivated by the existence
of a metastable, tetragonally distorted NaCl-like phase of
GeSb** which might incorporate Te on the anionic sublattice
to give rise to the GST221 alloy. All these decomposition re-
actions are sketched in the ternary phase diagram in Fig. 1.

Note that the GST323 alloy of reaction (8) is at the intersec-
tion between the Ge-SboTes and the Sb-GeTe pseudobinary-
lines. Decomposition paths of GST523 into other alloys on
the Sb-GeTe pseudobinary line such as GST523 — GST222
+ GeTe + 2Ge cannot be excluded. Actually, the result-
ing GST111 alloy was already studied in our previous DFT
work?*. We might also conceive decomposition on the Sb-
GeTe pseudobinary-line with the formation of crystalline Sb
or GeSb alloys. As we have to consider metastable products,
the list of possible decomposition pathways is actually very
long.

In this paper, as a first attempt to investigate theoretically
the decomposition process of GST523, we restrict ourselves
to reactions (1)-(10) by leaving for future investigation a more
extensive exploration of the phase space.

We also investigated whether the reverse of some of the re-
actions listed above might also take place during reset to re-
cover amorphous GST523 from crystalline Ge and less Ge-
rich GST alloys. In order to ensure the feasibility of these
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FIG. 1: Sketch of the decomposition pathways of
GST523 investigated here on the ternary Ge-Sb-Te phase
diagram. The arrows indicate the transformations of
GST523 into the main product for the different pathways.

reaction paths, we computed the reactions energies by means
of DFT electronic structure calculations. The results for the
crystalline and amorphous phases are reported in the separate
Secs. IITA and ITIB.

A. Crystalline phases

All Ge-rich crystalline GeSbTe alloys have been modeled
by a 216-atom cubic supercell in a rocksalt geometry anal-
ogous to the metastable cubic phase of GST225. In cubic
GST225, Sb and Ge atoms occupy randomly the cation sub-
lattice with 20 % of stoichiometric vacancies, while Te atoms
fully occupy the anionic sublattice. Stoichiometric vacancies
in GST225 ensure on average the presence of exactly three p
electrons per site leading to a closed shell system*! .

In the case of GST523, GST423, and GST221 there are less
than three p electrons per atom in the formula unit and thus
cationic vacancies have not been included while antimony is
supposed to behave as an amphoteric element due to the low
content of Te. The GST323 alloy has exactly three p-electron
per site, while the GST223 and GST123 alloys have more
than three p electrons per atom in the formula unit and then
we introduced vacancies in the cationic sublattice to enforce
the presence of an average of three p electrons per site in the
rocksalt crystal.

For all compositions we considered three independent SQS
models. The exact composition of the 216-atom models and
the distribution of atoms in the two sublattices are described in
details in the Supplemental Material (SM)*?. The equilibrium
lattice parameter and the bulk modulus of the different alloys
in the cubic rocksalt crystalline phase are reported in Table
I. On the Ge-SbyTes pseudobinary line, the lattice parameter
decreases by increasing the fraction of Ge atoms due to its
smaller size with respect to Sb and Te atoms. Note that the
atomic fraction of Ge is 50, 44, 37.5, 28.6, 16.6, 40 and 22 %
for GST523, GST423, GST323, GST223, GST123, GST221,

and GST225. In spite of the different compositions, the lattice
parameters in Table I are overall rather similar.

In all these alloys, the ideal rocksalt structure is distorted
with the formation of longer and shorter bonds as occurs in
GST225%3% . The distribution of the three shorter and the
longer bonds for each species is reported in Fig. 2. The bi-
modal distribution of the bonds formed by Ge is enhanced by
decreasing the Ge content possibly because of an expansion
of the lattice parameter (see Table I). In the case of the bonds
formed by Sb and Te, the bimodal distribution for GST523 is
less pronounced because both Sb and Te form bonds only with
Ge. By decreasing the content of Ge, Sb-Sb and Sb-Te bonds
form as well which gives rise to a further enhancement of the
bimodal character of the bond distribution because Sb-Sb and
Sb-Te bonds are longer than Ge-Te bonds (see, for instance,
the partial pair correlation functions of the amorphous phase
in Fig. S3 in the SM*?). In GST123 and GST223 an additional
spread in the bond lengths is due to the presence of vacancies
in the cationic sublattice. A similar plot for GST225 is shown
in Fig. 6 of Ref. 33. The bonding geometry is always octahe-
dral, with no tetrahedra, also for GST221 despite the presence
of many Ge-Sb bonds.

TABLE I: Theoretical lattice parameter and bulk
modulus of the GST alloys involved in possible
decomposition reactions of GST523. The theoretical
data for GST225 are taken from Ref. 23 and refer to
PBE calculations with no vdW corrections. The average
values and the mean deviation refer to calculations over
three independent SQS models.

alloy a(A) density (atoms/A®) bulk modulus (GPa)
GST523 5.8934+0.004  0.039140.001 53+1
GST423 5.99940.001  0.037140.001 33.340.8
GST323 6.1414+0.001  0.034544-0.0002 49+1
GST223 6.1384+0.001  0.033140.001 41+1
GSTI123 6.1344+0.004 0.0313+0.0001 34.84+0.9
GST221 5.9670+0.006  0.037640.001 49.54+0.5
GST225 6.140 0.0311 -

1. Energetics of decomposition reactions in the crystalline phases

The energy per atom of the different alloys and of the refer-
ence systems are collected in Table S1 in the SM*?. Entropic
contribution due to disorder in the crystalline phases has also
been included in the calculation of the reaction free energy
described in the SM*2.

To compute the reaction energy, we have to consider the
small deviation from stoichiometry imposed by the use of a
216-atom cell. Therefore reactions (1)-(10) must actually be
read with the exact compositions as given by reactions (1')-
(10") in SM*2,

The reaction energies and free energies computed for re-
actions (1)-(10) are reported in Table II. The reaction free
energy at 300 K due to configurational entropy and to the vi-
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brational free energy are reported separately along with the
total reaction free energy at 300 K. The vibrational contribu-
tion is computed from phonons at the supercells I' point as
discussed in Sec. II.

Reaction energies are computed as the energy of the prod-
uct minus the energy of the reactant. A negative sign means
that the reaction is exothermic and therefore that the corre-
sponding decomposition path is thermodynamically favored.
The reaction free energies are plotted in Fig. 3 as a function
of the Ge or GeTe content of the main decomposition product
on the two pseudobinary lines.

We remark that the contribution of both the configurational
entropy and vibrational free energy in the crystalline phase
is rather small (less than 5 meV/atom at 300 K). Therefore,
its contribution at somewhat higher temperatures, e.g. 600 K,
in the supercooled liquid phase is not expected to change the
qualitative picture drawn in Fig. 3.

The reaction free energy for the formation of compounds on
the GeTe-Sb,Tes tie line are all very similar, including the two
extremes GeTe and SbyTes. However, we should actually con-
sider the formation of cubic phases and not the ground state
trigonal phases because the latter most probably can not form
during the set of the memory as they do not in PCMs made
of GST225 or GST124. If we consider, for instance, the cu-
bic metastable phase of GST225 its energy is 58.7 meV/atom
higher than the trigonal phase. This latter number is obtained
from calculation with a 270-atom supercell of the rocksalt
phase which can accommodate the exact stoichiometry with
20 % of vacancies on the cationic sublattice. In a previous
work** this energy difference was larger because of the use of
the I' point only in the integration of the BZ. Moreover, the
complete segregation of Sb in the formation of GeTe in re-
action (4), besides the segregation of crystalline Ge which is
common to all other reactions, might be kinetically more diffi-
cult. Therefore, by excluding reaction (4) and by considering
only the metastable cubic phases on the GeTe-SboTej tie line,
other reactions such as (8) and (10) become competitive.

Along the Ge-SbyTes pseudobinary line, the formation of
GST323 is the most exothermic reaction because of the higher
stability of this alloy which is the only one with an average
number of three p electrons per site with no vacancies.

In conclusion, the most thermodynamically favorable re-
action are the formation the trigonal phases along the GeTe-
SboTes tie line, as expected. However, if we consider the for-
mation of the metastable cubic phases, the other two exother-
mic reactions (8) and (10) with the formation of GST323 or
GST221 become competitive. Moreover, the segregation of
both Sb and Ge in reactions (1)-(4) might be also kinetically
disfavored. We cannot obviously exclude that GST523 might
decompose more favorably in other cubic products, because
of our very limited exploration of the ternary phase diagram.
However, our results show that Ge and Sb-rich alloys such as
GST221 or GST323 might more favorably form in the decom-
position of GST523 than cubic alloys on the GeTe-SbyTes tie
line.
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FIG. 3: Reaction free energy from Table II for different
decomposition pathways of GST523 labeled by their
main product. The free energies are reported as a
function of the Ge content in the main product on the
Ge-SbyTes pseudobinary line (upper abscissa scale) for
alloys on the dashed line and as a function of the GeTe
content in the main product on the GeTe-SbyTes tie line
(lower abscissa scale) for trigonal compounds on the
short dashed line. The point for GST221 is also shown
although it does not belong to the two pseudobinary
lines. c-GST225 stands for the metastable cubic phase of
GST225. Negative free energy means that the
decomposition reaction is exothermic.

2. Electronic and vibrational properties of selected crystalline
alloys

In this section we discuss the electronic and vibrational
properties of a subset of the possible decomposition products
of GST523 reported in the previous section. Namely, we con-



TABLE II: Reaction energy, configurational and vibrational contributions to the reaction free energy and total reaction
free energy (products minus reactants) of reactions (1)-(10) in meV/atom for all alloys in their crystalline phase. A
negative energy indicates an exothermic reaction. The main product of reactions (1)-(5) is in the trigonal phase, while
it is in the cubic phase for all the other reactions. The vibrational contribution to the free energy per atom is computed
from phonons at the I" point with frequencies w; as Fy; = kT /N > _,In(1 — exp(— ,f;’T)) + h;’i where N is the
number of atoms in the supercell. The configurational free energy is -TS where S is the configurational entropy
defined in the SM*?. For GST523 this number is -8.7 meV/atom at 300 K.

Reaction/main product Reaction energy Configurational reaction Vibrational reaction Total reaction

0K free energy at 300 K free energy at 300 K free energy at 300 K
(meV/atom) (meV/atom) (meV/atom) (meV/atom)
(1) GST124 trig. 76 8.7 . 67
(2) GST225 trig. -75 8.7 - -66
(3) GST326 trig. -74 8.7 - -66
(4) GeTe trig. -73 8.7 - -65
(5) SbaTes trig. -73 8.7 - -64
(6) GST123 -32 -1.8 - -34
(7) GST223 -44 -3.8 - -47
(8) GST323 -51 -2.9 2.5 -51
(9) GST423 -26 -2.8 1.1 -28
(10) GST221 -35 1.1 1.9 -32
sider GST423, GST323, GST221 and GST523 whose elec- '
tronic density of states are collected in Fig. 4. The electron- 0.0027
poor alloys GST523, GST423, and GST221, i.e. with less
than three p electrons per site, are metallic with the Fermi i(\ ok
level lying at energies lower than the deep pseudogap. On %
the contrary, the GST323 alloy with exactly three p electrons g 0.0027
per site is semiconducting with an electronic gap of 0.16 eV, It
which is most probably underestimated by at least a factor of 2 g 0 H
as usual for DFT-PBE calculations. The presence of a closed- 5
shell structure with no stoichiometric vacancies in GST323 €  0.0027 :
justifies its higher stability with respect to the other composi- é
tions along the Ge-SbsTes pseudobinary line. a 0 —GST221
° 0.0027

The phonon density of states of the four alloys and the IPR
is reported in Fig. 5. The phonons at the upper band edge
are localized on atoms on the shorter bonds which appear due
to disorder (see Fig. 2). The DOS projected on the different
types of atoms are shown in Fig. S1 in the SM*2.

The Raman spectra of the four alloys in backscattering ge-
ometry for non-polarized light and for a polycrystalline sam-
ple are collected in Fig. 6. The large change in the Raman
spectrum by moving from GST523 to the other less Ge-rich
alloys is due to the presence of Sb-Te bonds at all composi-
tions but GST523. As discussed in our previous work, Sb-
Te bonds are more polarizable than the Ge-Te bonds which
make their presence particularly evident in the Raman spec-
trum. Overall the dependence of the spectra on composition
seems sufficiently large to allow discriminating the different
alloys by Raman spectroscopy.
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FIG. 4: Electronic density of states of crystalline Ge-rich
alloys. The zero energy is the Fermi level.

B. Amorphous phases

In this section we discuss the properties of the amorphous
phase of GST523 and the subset of possible decomposition
products reported in the previous section. The models of
the amorphous phase of GST523, GST423, GST323, and
GST221 were generated by quenching from the melt to 300
K at constant pressure and temperature according to the pro-
tocol described in Section II.
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IPR

1. Structural properties of the amorphous phase

Structural properties at 300 K were obtained from NVT
simulations at the end of the NPT quenching run. A snapshot
of the model of amorphous GST523 is shown in Fig. S2 in the
SM*. The equilibrium density at zero temperature is 0.0338,
0.0371, 0.0331, and 0.0323 atom/A® for GST523, GST423,
GST323, and GST221 as obtained by a Birch-Murnaghan fit-
ting of the energy vs volume data of the cubic cells.

The total and partial pair correlation functions at 300 K
and average coordination numbers of the amorphous model
of the different alloys are given in Fig. S3 and Table S2 in the
SM*2. The distribution of coordination numbers at 300 K are
reported in Fig. 7, as obtained by integrating the partial pair
correlation functions up to the bonding cutoff. For the sake of
comparison with a-GST225, we chose the same bonding cut-
offs used for a-GST225 in Ref. 22 which are 3.2 A for all pairs
but Sb-Te for which the bonding cutoff was set to 3.4 A. Ge
atoms are mostly 4-coordinated and Te atoms are mostly 3-
coordinated as occurs in a-GST225%2. The percentages of the
different types of bonds for each chemical species are given
in Table S3 in SM*2. The fraction of Ge-Ge bonds increases
by increasing the percentage of Ge per formula unit while the
fraction of Sb-Sb bond increases by increasing the percent-
age of Sb as one can easily foresee. The distribution of Ge,
Sb and Te coordination environments for atoms with differ-
ent coordination number in a-GST523, a-GST423, GST323
and GST221 and a-GST221 are shown in Tables S4-S7 in the
SM*2. Although there is large fraction of Ge-Ge bonds, there
is no clear sign of segregation of Ge as the fraction of Ge
atoms surrounded by Ge only is very minor. Information on
the bonding geometry is given by the bond angle distribution
function reported in Fig. 8 for the amorphous models. The
broad peak at 90° and the weaker structure around 170° for
Ge and Sb correspond to defective octahedral-like geometries.
The peak around 109° for Ge atoms is instead due to tetrahe-
dral geometries.
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FIG. 7: Distribution of the coordination numbers of
Ge-rich amorphous alloys by using the bonding cutoff
defined by the partial pair correlation functions in Fig.
S3 in the SM*2.
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A measure of the competition between tetrahedral and
defective-octahedral environments is given by the local order
parameter ¢ introduced in* and defined by

- gzxk(% + cos(0;jx))? 2
where the sum runs over the couples of atoms bonded to a
central atom j and forming a bonding angle 6;;,. The order
parameter evaluates to ¢ = 1 for the ideal tetrahedral geom-
etry and q = 5/8 for a four-coordinated defective octahedral
site. As shown in our previous work™?, the integration of the
q distribution of the 4-coordinated Ge atoms from 0.8 to 1.0
gives a measure of the fraction of Ge atoms tetrahedrally co-
ordinated. This choice is in agreement with the analysis of the
electronic structure based on Wannier functions for Sb-rich
GeSbTe alloys in Ref. 24. The distribution of ¢ parameter for
Ge, Sb and Te atoms resolved for different atomic coordina-
tion are given in Fig. S4 in the SM*?. The resulting fraction
of tetrahedrally coordinated Ge atoms amounts to 55% in a-
GST523, 49% in a-GST423, 35% in a-GST323 and 51% in
a-GST221. On the Ge-Sb,Tes pseudobinary line, the fraction
of tetrahedral Ge increases by increasing the content of Ge. In
GST221 and GST423 the fraction of Ge atoms is similar as
well as the fraction of Ge atoms in tetrahedral coordination.
The fraction of tetrahedra and the fraction of Ge-Ge bonds are
plotted in Fig. 9 as a function of Ge content. A clear corre-
lation is found between tetrahedra and Ge-Ge bonds as it is
already known for compounds on the GeTe-Sb,Teg tie line.
Regarding the medium-range order, we report the ring dis-
tribution in Fig. 10 computed according to the definition given
in Ref. 46. The five-membered ring is the most abundant
for all the Ge-rich alloys studied here as opposed to GST225
where four-membered rings dominate the distribution?*. A
similar larger fraction of 5-membered rings was found for the
Sb-rich GST111 alloy on the Sb-GeTe pseudobinary line in
our previous work?*. In fact, the low Te content in GST111
favors the formation of Ge-Ge bonds which are responsible for
alarger fraction of Ge atoms in tetrahedral sites leading in turn
to the formation of five-membered rings. In Ref. 24, it was
noted that homopolar bonds, tetrahedra, and five-membered
rings in place of four-membered ones are all structures hinder-
ing the crystallization, since they are absent in the crystalline
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FIG. 9: Fraction (%) of Ge atoms in tetrahedral
coordination and fraction (%) of Ge-Ge bonds over the
total number of bonds plotted as a function of the atomic
fraction of Ge in the different alloys.

phase®. The same arguments hold here for Ge-rich GST al-
loys. The same conclusions on the dependence on the struc-
tural properties on the fraction of Ge atoms have been drawn
in the very recent DFT study'® of the amorphous phase of
Ge-rich alloys on the Ge-GST124 pseudobinary line including
GST212, GST312, GST412, GST512, GST612, and GST712.
Interestingly, it was also shown that for an atomic fraction
of Ge up to 50 %, corresponding to GST312, the amorphous
phase is thermodynamically stable with respect to phase sep-
aration into amorphous Ge and amorphous GST124. The de-
composition upon crystallization was, however, not addressed
in Ref. 18.

Therefore, even in the absence of phase separation into
crystalline Ge which surely slows down the crystallization
process, Ge-rich GST alloys are expected to feature a lower
homogeneous nucleation rate with respect to alloys on the
GeTe-SboTes tie line because of larger structural differences
between the cubic rocksalt structure and their amorphous
phase.

2. Electronic and vibrational properties of the amorphous phase

The electronic densities of states of the amorphous phase of
the Ge-rich alloys are compared in Fig. 11. There is a finite
DOS at the pseudogap in a-GST221 and a-GST523 while a
gap clearly opens up in a-GST423 and a-GST323. The states
in the gap in a-GST523 are, however, localized as shown by
the inverse participation ratio (IPR, see Sec IT) in Fig. S5 in the
SM*2. Considering the usual underestimation of the band gap
within DFT-PBE we can conclude that the amorphous phase
should behave as a semiconductor for all alloys in Fig. 11.
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Turning to the vibrational properties, we computed phonon
frequencies at the supercell I' point as described in Sec. II.
The phonon DOS superimposed on the IPR is shown in Fig.
12. The projections of the DOS on different types of atoms
of the amorphous models are shown in Fig. S6 in the SM*?.
Phonons above 220 cm ™! are mostly due to vibrations of Ge
atoms in tetrahedral coordination, these modes are also the
most localized as shown in Fig. 12.

To aid the identification of the different composition by
micro-Raman spectroscopy, we also computed the Raman
spectra from DFT phonons and the bond polarizability model
as described in Sec. II. The Raman spectra in backscattering
geometry for non-polarized light are compared for the four
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FIG. 12: Inverse participation ratio (gray spikes, see text)
superimposed on the phonon DOS of the Ge-rich
amorphous alloys.

alloys in Fig. 13. The tail at high frequency of the Raman
spectra is due to vibrations of tetrahedral Ge atoms which in-
crease by increasing the fraction of germanium. Overall the
Raman spectra of the different compositions look sufficiently
different to allow discriminating the different alloys by Raman
spectroscopy. Note, however, that the BPM parameters were
obtained by fitting ab initio Raman spectra in non-resonant
conditions which could bring some disagreement with exper-
imental Raman intensities that are typically measured in res-
onant conditions for GST alloys. Moreover, we remark that
the BPM used here was developed for GST124, GST225, and
SbyTes which may cause some transferability problems of the
BPM parameters for strongly Ge-rich alloys. The same re-
marks hold for the Raman spectra of crystalline Ge-rich GST
alloys discussed in Sec. IITA.

3. Energetics of transformation reactions in the amorphous phases

We also investigated whether the amorphous phase of the
pristine composition could be recovered from crystalline Ge
and less Ge-rich GST amorphous alloys on the basis of our
thermochemical data. This reverse reaction would be of inter-
est for the reset process of the memory. The energy per atom
of the optimized amorphous models at zero temperature, re-
ported in Table S1 in the SM**, allows us to compute the
reaction energy for the reverse of transformation (8)-(10) of
Sec. IIIA with GeTe and GST alloys in the amorphous phase
and Ge in the crystalline phase, such as for instance c-Ge +
a-GeTe + a-GST221 — a-GST523. It turns out that all these
reverse reactions are endothermic with a reaction energy of
40, 21 and 20 meV/atom for reactions (8)-(10). The vibra-
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FIG. 13: Raman spectra of Ge-rich amorphous alloys
calculated from DFT phonons and the bond
polarizability model with Lorentzian smearing of 4 cm
~! in backscattering geometry for non polarized light.
For the GST523 composition we generated two different
amorphous models to check the dependence of the
Raman spectrum of the particular realization of the
amorphous phase. The phonon DOS and the Raman
spectra are very similar for the two models as shown in
Figs. S7 and S8 in the SM*?.

tional contribution to the reaction free energy at 300 K is neg-
ative, but small amounting to -3.6, -1.9 and -0.4 meV/atom
for reactions (8)-(10). This result seems to exclude the re-
versibility of the process in the amorphous phase. However, if
we consider the phase diagram of the binary line Ge-SboTes,
the formation of the homogeneous liquid with GST523 com-
position from the separated components can obviously occur
above the liquidus temperature at about 750 °C*’. At these
conditions, which should be reached in the reset process, crys-
talline Ge could dissolve into, for instance, the GST221 liquid
giving rise to a more Ge-rich liquid that could quench into
the metastable amorphous GST523. The liquidus temperature
of GST523 could easily be reached during the reset, but the
process should last long enough to recover a homogeneous
system.

IV. DISCUSSION

As mentioned in the Introduction the motivation to focus on
GST523 was twofold: (i) GST523 is the Ge-rich alloy on the
Ge-SbyTes pseudobinary-line with the lowest Ge content and
a T'x suitable for application in embedded memories among
those explored in the seminal work of Ref. 9, (ii) GST523
is one of the most abundant products resulting from the crys-
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tallization process of highly Ge-rich GST'® used in several
PCM prototypes for embedded applications'>. GST523 is
therefore one of the candidates for the actual alloy undergo-
ing the reversible transformation during set and reset in PCM
based on Ge-rich GST. Although some work in the literature
is devoted to the study of phase separation of Ge-rich GST al-
loys during forming, little is known on the possible demixing
during set and reset. Our results suggest that decomposition
into different products is possible also during set. The cal-
culated reaction free energy of possible decomposition path-
ways of GST523 into trigonal compounds on the pseudobi-
nary GeTe-SboTes tie line shows that the reaction free energy
is very similar for all compounds. However, in the operation
conditions of the memory we have to consider also possible
metastable products that might appear due to kinetics hin-
drances. Indeed, in PCMs based on the most studied alloys
on the GeTe-SbyTes tie line, the amorphous phase crystal-
lizes into a metastable cubic phase and not in the most sta-
ble trigonal one. Amorphous Ge-rich GST alloys were also
shown in Ref. 9 to crystallize in a cubic phase with unknown
composition. If only the metastable cubic phases are consid-
ered, other reactions such as GST523 — GST221 + 2 GeTe
+ Ge and GST523 — GST323 + 2 Ge become competitive.
These reactions might also be kinetically favored over the de-
composition path GST523 — 3 GeTe + 2 Sb + 2 Ge which
involves phase separation into two unary systems. Our analy-
sis shows that different pathways compete for the decomposi-
tion of GST523 which points to the possibility that set and re-
set might actually be a more complex transformation than the
simple cycling between the amorphous and crystalline states
in a homogeneous phase. In this respect, coarsening of dif-
ferent crystalline grains with different compositions resulting
from different decomposition pathways might be a source of
the resistance drift of the set state observed experimentally.
This process might also be facilitated by the similarity of the
lattice parameters of the different alloys that emerged from the
DFT calculations reported in Sec. III.

V. CONCLUSIONS

In conclusion, we performed a DFT study of the properties
of Ge-rich GST alloys on the Ge-SbyTes pseudobinary-line
of interest for application in embedded phase change mem-
ories operating at high temperatures. We focused in partic-
ular on GST523 which is the less Ge-rich composition with
sufficiently high T'x studied experimentally for application in
embedded memories’. Ge-rich GST alloys are known to de-
compose into crystalline Ge and less Ge-rich alloys during
crystallization in thin films, but many details of this process
are unknown, especially during the set and reset operations.
In this work, we considered a few decomposition pathways of
GST523 into other alloys, in particular on the Ge-SboTes and
GeTe-SboTes pseudobinary lines.

The theoretical reaction free energies suggest that the ther-
modynamically favored decomposition path leads to the for-
mation of the trigonal compounds on the GeTe-SbyTes tie
line. However, if we consider the formation of the metastable



cubic phases and not the trigonal ones, other decomposition
reactions such as the formation of GST221 or GST323 be-
come competitive. The formation of GeTe is also thermody-
namically favored but it might be kinetically disfavored be-
cause it involves the segregation of both Sb and Ge. Although
our exploration of the ternary phase diagram is very far from
being exhaustive, our results suggest that several decomposi-
tion pathways for GST523 compete.

Moreover, we have explored whether the reverse reaction,
i.e. regeneration of amorphous GST523 from crystalline Ge
and less Ge-rich amorphous alloys, might be possible during
reset. To this end, we generated models of the amorphous
phases by quenching from the melt within DFT molecular dy-
namics. Actually, it turns out that the formation of amorphous
GST523 is always endothermic at 300 K (but also at 600 K)
for all the reactions we have considered which seems to ex-
clude the reversibility of the decomposition reaction, at least
at low temperatures. Amorphous GST523 could, however, re-
form by fast quenching from temperatures above the liquidus
temperature if enough time is provided for the heterogeneous
system to turn homogeneous in the liquid phase.

Aside from the analysis of the energetics of the transfor-
mation reactions, we have provided a comprehensive analy-
sis of the structural, electronic and vibrational properties of
the crystalline and amorphous phases of Ge-rich alloys at dif-
ferent compositions. In particular, the calculation of the vi-
brational spectra suggests that Raman spectroscopy could be
used to identify the different alloys that could form in both the
amorphous and crystalline phases.

In the presence of phase separation during crystallization,
mass transport is expected to slow down the process leading
to a higher T'x. However, the analysis of the structural prop-
erties of the amorphous phases reveals that the fraction of Ge-
Ge bonds, of Ge atoms in tetrahedral coordination and of five-
and six-membered rings all increase by increasing the Ge con-
tent. Since all these features are not present in the crystalline
phases, Ge-rich GST alloys would experience a lower homo-
geneous crystal nucleation rate and then a higher T'x with re-
spect for instance to GST225 also in the lack of phase sep-
aration. Similar conclusions were actually drawn for Sb-rich
GST alloys in our previous work?* and for Ge-rich GST alloys
on the Ge-GST124 pseudobinary line in Ref. 18.
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