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1. Introduction

The concept of phase-change memory using chalcogenide
glasses dates back to the 1960s, as pioneered by Ovshinsky.[1]

Starting from late 1980s, Ge–Sb–Te alloys along the GeTe–
Sb2Te3 pseudo-binary line (Group I), such as Ge2Sb2Te5,
Ge1Sb2Te4 and Ge8Sb2Te11,

[2–5] doped Sb2þx-Te alloys (Group

II), such as Ag-, In-doped Sb2þxTe
(AIST), and alloyed Sb (Group III),[6–10]

such as Ge15Sb85, were identified as suit-
able PCMs. These alloys were initially used
for the rewritable optical data storage
industry.[11] More recently, the Ge1Sb2Te4
(GST) alloy has been used as the core
material for electronic non-volatile
memories,[12–19] e.g., 3D Xpoint. Moreover,
PCMs can be used for neuro-inspired com-
puting and in-memory computing,[20–27]

and could also enable various nonvolatile
photonic applications, including memory
and computing devices, switches, and
displays.[28–36]

PCMs utilize the significant contrast in
electrical resistivity or optical reflectivity
between their crystalline and amorphous
phase to encode data.[11] The switching
between the two logic states is achieved

by rapid and reversible phase transitions, namely, SET (crystalli-
zation) and RESET (melt-quenched amorphization). In addition
to binary storage, multiple resistivity or reflectivity states can be
obtained within a PCM cell via partial amorphization
(iterative RESET) and crystallization (accumulative SET),
enabling multilevel storage[37,38] and neuro-inspired computing
applications.[39,40]
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Chalcogenide phase-change materials (PCMs) are a leading candidate for non-
volatile memory and neuro-inspired computing applications. Antimony telluride
alloys can be made into fast and robust PCMs by proper doping. Depending on
the compositional ratio, the amorphous state of these alloys shows either
nucleation- or growth-driven crystallization dynamics at elevated temperatures.
In this work, thorough ab initio simulations are carried out to study the structural
properties and bonding nature of six Sb–Te alloys with varied composition from
2:3 to 4:1. Despite all of the compounds showing similar local structural motifs
consisting of defective octahedral configurations, a gradual change in medium
range order and cavity concentration is observed as the Sb content increases.
This trend is responsible for the reduction in the nucleation rate, thus leading to
growth-driven crystallization. In addition, the degree of charge transfer decreases
as the composition approaches the Sb end, reducing the driving force for long-
term mass transport and phase separation upon extensive cycling in devices.
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Group I PCMs show nucleation-driven crystallization at ele-
vated temperatures that are relevant for practical use. For
instance, GST and Ge2Sb2Te5 can crystallize in tens of nanosec-
onds in �100 nm memory cells via formation of multiple nuclei
by electrical pulsing or laser irradiation.[12] Upon rapid crystalli-
zation, Group I PCMs form a rocksalt-like structure,[41–46] where
Te atoms sit on the sites of one sublattice, while Ge, Sb and
atomic vacancies occupy the other sublattice in a random fash-
ion. The high nucleation rate in Group I PCMs stems from the
abundant presence of crystalline precursors, i.e., ABAB squares
(A¼Ge or Sb, B¼ Te), in the amorphous phase.[47–59] By further
enhancing the stability of such crystalline precursors, a Sc doped
Sb2Te3 alloy with ultrahigh nucleation rate has been designed,
which breaks down the switching time to subnanosecond
regime.[60–67]

Moving toward the Sb corner in the Ge–Sb–Te ternary dia-
gram, group II and III PCMs show much lower nucleation ten-
dency, and crystallization proceeds mostly from the crystalline-
amorphous boundaries with high growth rates.[68–78] To explain
the fast growth in these PCMs, in particular, AIST, a bond-inter-
change model was proposed, in which small displacements of Sb
atoms accompanied by interchanges of short and long bonds
occur.[69] Ab initio simulations indicate that the rapid crystal
growth in the supercooled liquid regime originates from the
combination of high mass diffusivity, effective atomic attaching
process due to the large driving force and thin crystalline-
amorphous interfaces.[78,79]

Thus, there is a change in crystallization mechanism in Sb–Te
alloys upon tuning the stoichiometry from Sb2Te3 to Sb-rich
compounds. To elucidate this trend, we carry out comprehensive
density functional theory (DFT) calculations and DFT-based ab
initio molecular dynamics (AIMD) simulations of Sb–Te alloys
with composition varying from 2:3 to 4:1. We investigate the
structural and bonding properties of the crystalline and amor-
phous state of these compounds. We also determine the evolu-
tion of the crystalline precursors in the amorphous phase as a
function of Sb concentration, providing an atomistic picture of
how the crystallization mode changes from nucleation- to
growth-type.

2. Results and Discussion

We perform AIMD calculations using the second-generation
Car–Parrinello method,[80] as implemented in the CP2K pack-
age.[81,82] The Perdew–Burke–Ernzerhof (PBE) functional[83]

and the Goedecker pseudopotentials[84] are used. The time step
is set as 2 fs. The amorphous models and corresponding crystal-
line structures are relaxed using the VASP code,[85] prior to the
electronic-structure and chemical-bonding calculations. For
VASP calculations, the projector augmented-wave (PAW) pseu-
dopotentials[86] and the same PBE functional are used. The
energy cutoff for plane waves is set as 500 eV. The crystalline
phase calculations are done using k point meshes ranging from
13� 13� 3 to 13� 13� 1 (less k points are used for the Sb–Te
crystals with more extended c lattice), whereas only the Γ point is
used to sample the Brillouin zone of the amorphous models in
cubic supercells. Chemical bonding analyses are made using the
crystal orbital overlap population (COOP) method,[87] as

implemented in the LOBSTER code.[88–90] All the data presented
below are obtained using the PBE functional. The calculations of
the crystalline models are cross-checked by including van der
Waals corrections,[91] as shown in Figure 1 and 2 of the
Supporting Information.

The crystalline (c-) structures of the six Sb–Te crystals are
shown in Figure 1. The stable phase of Sb2Te3 is rhombohedral,
and consists of alternately stacked Sb and Te atoms forming
quintuple-layer (QL) blocks along the c axis. The QLs are sepa-
rated by van der Waals (vdW)-like gaps. The unit cell of
Sb2Te3 contains 3 QLs and 3 such gaps.[92] Besides the stable
rhombohedral phase, a metastable rocksalt-like phase is known
for Sb2Te3, in which 1/3 lattice sites in the Sb sublattice are
vacant (Figure S3, Supporting Information).[93,94] The Sb8Te9
crystal shows a very long c lattice parameter (>10 nm) with 3
alternately stacked atomic blocks, each of which contains 3
Sb2Te3 QLsþ 1 Sb2 bilayer (BL).[95] Regarding c-Sb4Te3, two
stacking sequences are known. Both phases consist of 3 alter-
nately stacked blocks. In the first phase, the block contains 2
Sb2Te3 QLsþ 2 Sb2 BLs (thereby, a vdW-like gap in between
the QLs), whereas, in the second phase, the block consists of
1 Sb2Te3 QLþ 1 Sb2 BL (no vdW-like gap is present). In experi-
ments, c-Sb4Te3 shows a mixture of the two stacking sequen-
ces.[96] Indeed, our simulations show that the two phases are
very close in energy: the former structure (Figure 1) is only
�4meV atom�1 lower in energy than the latter (Figure S4,
Supporting Information). The primitive cell of the Sb2Te crystal
consists of 1 Sb2Te3 QL and 2 Sb2 BLs, and the number of Sb2
BLs increases further in the primitive cells of c-Sb3Te and c-
Sb4Te.

[97] Note that the Sb slabs in c-Sb3Te contain an even num-
ber of layers. Odd numbers of Sb layers would raise the energy by
�61meV atom�1.

The PBE-relaxed structures yield very similar a lattice param-
eters �4.35 Å for the six Sb–Te crystals, while the c parameter
varies from �17.79 to �104.76 Å depending on the size of the
atomic blocks and the periodic conditions. In all six crystals,
Sb atoms show a distorted octahedral configuration in both
Sb2Te3 QLs and Sb2 BLs. The ratio of Sb–Sb homopolar bonds
(Sb–Te heteropolar bonds) increases (decreases) as the concen-
tration of Sb increases. All Sb atoms exhibit Peierls-like distor-
tions. For instance, Sb–Te bond lengths of �3.00/�3.20 Å are
found in Sb2Te3 QLs, Sb–Sb contacts of length �2.96/�3.42 Å
are found in Sb2 BLs, and Sb–Sb and Sb–Te contacts of length
�2.96 and�3.55 Å, respectively, are observed at the QL/BL inter-
faces in c-Sb2Te. Te atoms are either in a distorted octahedral
configuration or in a defective octahedral configuration with only
3 neighbors due to the presence of vdW-like gaps. In c-Sb2Te3,
The Te–Te contact across the vdW-like gap between two QLs has
length equal to �3.93 Å. To summarize, all atoms form a dis-
torted octahedral bonding configuration, and ABAB squares with
nearly 90� bond angles are consistently found in these rhombo-
hedral Sb–Te crystals and in rocksalt Sb2Te3. Inclusion of vdW
corrections leads to non-negligible changes in the c parameter,
due to the reduction in the size of the vdW-like gaps between
weakly coupled Te layers (Figure S1, Supporting Information).

As shown in Figure 2a, the calculated density of states (DOS)
indicate that all the six crystals are narrow bandgap semiconduc-
tors. The COOP analysis[87] separates the covalent interactions
into bonding (right side) and antibonding (left side)
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Figure 2. Electronic structure, chemical bonding and charge analysis for Sb2Te3, Sb8Te9, Sb4Te3, Sb2Te, Sb3Te and Sb4Te in the rhombohedral form.
a) DOS and COOP. b) Löwdin charges for each individual atom in the unit cell.

Figure 1. Crystal structures of six Sb–Te alloys in the hexagonal cell setup, including Sb2Te3, Sb8Te9, Sb4Te3, Sb2Te, Sb3Te and Sb4Te. The rhombohedral
Sb2Te3 contains 3 Sb2Te3 QLs separated by vdW-like gaps. In crystalline Sb8Te9, Sb4Te3, Sb2Te, Sb3Te and Sb4Te, A7-type Sb slabs are stacked along the c
axis and sandwiched by Sb2Te3 QL blocks. Three typical atomic positions in the a-b plane of the hexagonal cell are shown in the top view of the unit cell
(top right panel).
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contributions, as shown in Figure 2a. The marginal antibonding
interactions at the Fermi level EF suggest that all these structures
are chemically stable. Löwdin charges are calculated to assess the
charge transfer and the electrostatic interactions in these alloys
(Figure 2b). In Sb2Te3 QLs, moderate charge transfers are found,
resulting in slightly positively (negatively) charged Sb (Te) atoms,
while, in Sb-rich compounds, the Sb atoms in the BLs remain
almost neutral. The distribution of the Löwdin charges in the
six Sb–Te crystals are rather similar, except that the fraction
of neutral Sb2 increases gradually from c-Sb2Te3 to c-Sb4Te.
Calculations with vdW corrections yield very similar DOS,
COOP curves and Löwdin charges (Figure S2, Supporting
Information).

The amorphous models of the six Sb–Te alloys are generated
via the melt-quench protocol, following our previous work.[61,98]

Three independent amorphous models are generated for each
Sb–Te composition to obtain better statistical sampling. Each
amorphous model contains 180 atoms in a cubic supercell with
varied Sb and Te concentrations. The calculated edge length val-
ues are 18.92, 18.82, 18.68, 18.63, 18.59, and 18.56 Å for amor-
phous Sb2Te3, Sb8Te9, Sb4Te3, Sb2Te, Sb3Te, and Sb4Te,
respectively. These values were obtained by relaxing the internal
pressure below �1 kbar. Snapshots for the six amorphous alloys
are shown in Figure 3a, and the total and partial radial distribu-
tion functions (RDFs) are shown in Figure 3b. The Sb–Sb and
Sb–Te RDFs show nearly identical peak positions at �2.92 Å
for the first peak and at �4.25 Å for the second peak. The Te-
Te RDFs of the six models differ from each other, in that short
Te-Te contacts gradually vanish as the Sb concentration
increases.

The calculated DOS and COOP for the six amorphous alloys
are shown in Figure 4a. Similarly to their crystalline counter-
parts, these amorphous alloys are narrow-gap semiconductors.
The COOP curves indicate reasonable chemical stability for all
the models. Previous work has shown that non-negligible charge
transfer is observed in the amorphous state,[99,100] which causes
long-term mass transport of Sb and Te atoms toward opposite
directions upon extensive electrical pulsing in devices, resulting
in the formation of voids at the bottom electrode and segregation

of Sb atoms close to the top electrode.[101] As shown in Figure 4b,
the Löwdin charge distributions show a gradual change in the
average charge of Sb from �0.189 in a-Sb2Te3 to �0.033 in a-
Sb4Te, while that of Te fluctuates around –0.13 for the six mod-
els. The reduction in average charge for the Sb atoms and the
decrease in Te concentration in Sb-rich alloys are expected to
reduce the long-term mass transport. In the extreme case of pure
Sb,[102–105] the absence of charge transfer should lead to much
improved cycling performance.

By integrating the projected COOP for a specific pair of atoms
A and B over all occupied orbitals along the energy axis up to EF,
the bond population BAB ¼ ∫ EF�∞COOPABðEÞdE is obtained,
which characterizes the strength of the covalent interaction
between the two atoms. As shown in Figure 5, the overall bond-
ing profiles look similar for all the six amorphous alloys. The BAB

distributions for Sb–Te and Sb–Sb contacts strongly overlap with
each other. The shorter the interatomic distance, the higher the
bond population. Following our previous work,[106–108] we mul-
tiply the BAB by the RDF and obtain the “bond-weighted distri-
bution function” BWDF ¼ P

B>A½δðr � jrABjÞ � BAB� for the six
amorphous alloys. The crossover from positive to negative values
in the BWDFs determines a threshold for covalent interactions.
For all the six amorphous alloys, the threshold values for both
Sb–Te and Sb–Sb contacts are found at �3.20 Å. These crossover
values are used as cutoffs for the following analyses. The vast
majority of Te–Te contacts shows antibonding character.

Figure 6 shows the angle distribution functions (ADFs) and
the fraction of homopolar and heteropolar bonds in the amor-
phous alloys. Clearly, all the Sb and Te atoms show bond angles
close to �90� or �180�. The bond order analysis using the

parameter q ¼ 1� 3
8

P
B>A

�
1
3 þ cos θABC

�
2
between three atoms

A, B and C, indicates that Sb and Te atoms are primarily found in
defective octahedral configurations in all six amorphous alloys,
resembling the local structures in their crystalline counterparts.
As the Sb concentration increases, more Sb neighbors are found
in the Sb-centered octahedral motifs, as indicated by the insets
shown in Figure 6a. The fraction of Sb–Sb bonds increases from
�8% in a-Sb2Te3 to �71% in a-Sb4Te, and the fraction of Sb–Te
and Te–Te bonds decreases accordingly (Figure 6b).

Figure 3. a) Snapshots of amorphous Sb2Te3, Sb8Te9, Sb4Te3, Sb2Te, Sb3Te and Sb4Te frommelt-quench AIMD simulations. b) Total and partial RDFs of
the six amorphous alloys based on AIMD trajectories at 300 K.
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The primitive ring statistics is typically used to assess the
medium-range order in amorphous PCMs. As shown in
Figure 7a, fourfold rings dominate in amorphous Sb2Te3,
Sb8Te9 and Sb4Te3, while fivefold rings become richer in amor-
phous Sb2Te, Sb3Te and Sb4Te. A detailed analysis of the fraction
of ABAB squares (A¼ Sb, B¼ Te) with respect to the total num-
ber of fourfold rings is shown in Table 1. The abundance of
ABAB squares promotes rapid incubation of crystalline nuclei
in a-Sb2Te3 at elevated temperatures, allowing short SET time
within 6 ns in �150 nm memory cells.[60] As the Sb

concentration increases, the fraction of ABAB squares sharply
decreases from �81% in a-Sb2Te3 to �34% in a-Sb4Te3, and
nearly vanishes in a-Sb4Te with only �2% value, despite that
fourfold rings are still abundant in the amorphous network
(Table 1). This reduction is due to the increase in Sb–Sb homo-
polar bonds in Sb-rich Sb–Te alloys. Moreover, fivefold rings
showing non-90 bond angles (Figure 7b) become abundant, like
in AIST.[69] Such ring fragments are absent in the corresponding
crystalline phase. The more pronounced structural dissimilarity
between the two phases in Sb-rich compounds may increase the

Figure 4. Electronic structure, chemical bonding and charge analysis of amorphous Sb2Te3, Sb8Te9, Sb4Te3, Sb2Te, Sb3Te and Sb4Te. a) DOS and COOP.
b) Löwdin charges for each individual atom in the amorphous models.

Figure 5. a–f ) The bond population BAB, total and partial BWDF of amorphous Sb2Te3 (a), Sb8Te9 (b), Sb4Te3 (c), Sb2Te (d), Sb3Te (e) and Sb4Te (f ). The
BAB and BWDF of the six amorphous alloys are calculated for all the atomic contacts up to 7 Å.
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interfacial energy and, thus, reduce the probability of formation
of sizable nuclei on short timescales. As a result, in phase-change

cells, in which the small amorphous mark is surrounded by a
crystalline matrix, crystallization occurs by rapid interfacial
growth from the crystalline-amorphous boundaries.

The crystallization scenario could be more complex in
a-Sb8Te9, which could fall in a transition regime from nucleation-
type to growth-type. The very much extended structure of
c-Sb8Te9 shown in Figure 1 was obtained experimentally by
long-term thermal annealing at 800 �C.[95] This structure displays
a very similar atomic arrangement of the QL blocks as rhombo-
hedral Sb2Te3. The latter is also obtained at very high annealing
temperatures over long annealing time. Starting from the amor-
phous phase of Sb2Te3, the thermal energy at elevated temper-
atures firstly drives a rapid transition into the metastable rocksalt
phase, then induces a second transition toward the layered rhom-
bohedral phase via vacancy ordering,[94] similarly to the behavior
of GST.[109–111] The high concentration of atomic vacancies in
rocksalt Sb2Te3 and GST ensures that the average number of
valence p electrons per site is equal to 3.[94,112] This configuration

Figure 6. a) The angle distribution function (ADF). The typical local atomic
motifs around Sb and Te atoms are shown as insets. b) Fraction of homo-
polar (Sb–Te) and heteropolar (Sb–Sb and Te–Te) bonds.

Figure 7. a) The fraction of primitive rings for the six amorphous Sb–Te alloys. b) Different types of rings in the amorphous networks are highlighted,
including ABAB squares (blue), non-ABAB rings (red), and 5-membered rings (green).

Table 1. The statistics of different types of fourfold rings in the six
amorphous Sb–Te alloys.

Fourfold rings Fraction [%]

a-Sb2Te3 a-Sb8Te9 a-Sb4Te3 a-Sb2Te a-Sb3Te a-Sb4Te

ABAB Sb–Te–Sb–Te 80.8 63.7 34.1 21.0 11.0 1.8

Non-ABAB Sb–Te–Te–Te 2.1 0.4 0.0 0.0 0.0 0.0

Sb–Sb–Te–Te 4.0 2.7 1.4 0.5 0.1 0.2

Sb–Sb–Sb–Te 13.1 31.2 55.8 50.3 43.9 42.5

Sb–Sb–Sb–Sb 0.0 2.0 8.7 28.2 45.0 55.5

Te–Te–Te–Te 0.0 0.0 0.0 0.0 0.0 0.0
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enables metavalent bonding,[113–117] which is a generic bonding
mechanism in crystalline PCMs. If a rocksalt Sb8Te9 structure is
built, the excess p electrons brought by the additional Sb atoms
push up the EF into the antibonding region, inducing some
chemical instability (Figure S3, Supporting Information).
Taking into account the reduced ABAB-ring fraction (�64%)
in the amorphous state, it remains unclear whether rapid nucle-
ation into the rocksalt phase via formation of ABAB squares and
cubes could occur at the elevated temperatures relevant for prac-
tical applications. Nevertheless, a recent work on Sb–Te thin
films claims the formation of rocksalt Sb2þxTe3 (x≤ 1) upon
thermal annealing at 120–180 �C, whereas, when x becomes
greater than 1, a direct transition from the amorphous to the
rhombohedral phase occurs without the intermediate rocksalt
phase.[118]

Lastly, we present an analysis of the cavity distribution in
amorphous Sb–Te alloys. The high fraction of cavities in amor-
phous Ge2Sb2Te5 could provide free space for rapid rearrange-
ment of atoms, which could assist the incubation process.[48]

To calculate the volume fraction of cavities in the six amorphous
Sb–Te alloys, we follow the electron density method developed in
Ref. [119]. Cavities are characterized by low electron density
(LED). By setting a threshold value for LED, the volume of cavi-
ties is obtained. In rocksalt Sb2Te3, atomic vacancies occupy 1/6
of the lattice points. We tune the threshold value of the normal-
ized electron density De, i.e., the absolute electron density at any
given point normalized by the average electron density of the sys-
tem, in a rocksalt Sb2Te3 model until the volume of the LED
regions reaches �16.67% of the whole supercell volume. The
obtained De is 0.24, which coincides with that determined for
rocksalt Ge2Sb2Te5.

[119] Figure 8a shows the distribution of
De, and the integration up to the threshold value 0.24 gives
the volume fraction of the LED regions (i.e., the cavities).
Figure 8b shows the cavity volume fraction for the six amorphous
alloys. A gradual decrease is observed from �19.1% in a-Sb2Te3
to�14.5% in a-Sb2Te and to�13.3% in a-Sb4Te. We note that the
value for a-Sb2Te is much larger than that reported in our previ-
ous work,[120] primarily because supercell models with volume
corresponding to the experimental density were used in
ref. [120].

3. Conclusions

We have carried out thorough ab initio calculations to assess the
structural and bonding characteristics of crystalline and amor-
phous Sb–Te alloys with the Sb:Te ratio ranging from 2:3 to
4:1. We show that similar distorted and/or defective octahedral
motifs are found in all crystalline and amorphous Sb–Te alloys.
Amorphous Sb2Te3 contains a very large fraction of ABAB rings,
which facilitates nucleation. In contrast, medium-range struc-
tural dissimilarities between the two phases are observed in
Sb4Te3, Sb2Te, Sb3Te and Sb4Te, since the amorphous networks
contain significant fractions of fivefold rings. This dissimilarity
could explain the suppression of nucleation in these Sb-rich Sb–
Te alloys, as a result of which the crystallization is governed by
interface growth. In Sb8Te9, the fraction of ABAB squares is
reduced and the chemical stability of the rocksalt phase is poorer
as compared to Sb2Te3, nevertheless nucleation could still play a
role in devices. Therefore, our results suggest that either a com-
positional threshold or a more extended nucleation-to-growth
crossover should exist between the 2:3 and 1:1 ratio for Sb–Te
alloys, due to the changes in the amorphous network and the
increasing structural dissimilarities with respect to the crystalline
phase. Furthermore, the crossover region should depend on the
device geometry and size, since the smaller the switching part,
the less relevant nucleation processes are. Further research
efforts on this crossover region will be helpful for the design
of optimal device geometries for improved SET performance.
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