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ABSTRACT: Enhanced crystal nucleation in a Sc−Sb−Te phase-change material has
enabled subnanosecond switching in phase-change memory devices, making cache-
type nonvolatile memory feasible. However, the microscopic mechanisms remain to
be further explored. In this work, we present a systematic ab initio study of the
relevant parent compounds, namely, Sc2Te3 and Sb2Te3. Despite similar bond lengths
and angles in the amorphous phases of the two compounds, Sc2Te3 displays a much
more ordered amorphous network without homopolar bonds. As a result, the local
structural order in amorphous Sc2Te3 is dominated by square motifs, remarkably
similar to those of the metastable rocksalt-like phase. Chemical bonding analysis
indicates more robust Sc−Te bonds compared with Sb−Te bonds in the amorphous
phase, as well as a substantial role of electrostatic interactions in Sc2Te3 but not in
Sb2Te3. The robustness of Sc−Te bonds explains the enhanced nucleation in Sc−Sb−
Te compounds. Finally, we discuss an alloying strategy of Sc2Te3 and Sb2Te3 for cache-type Sc−Sb−Te-based phase-change
memory.

■ INTRODUCTION

In the information era, the exponentially increasing demand for
data storage and processing is posing a serious challenge for
current silicon-based electronic devices.1 New technologies
and new materials are being pursued to cope with this
problem.1 Nonvolatile memory2−6 and neuro-inspired comput-
ing6−9 are two promising routes for substantial improvement of
computing efficiency, as the former optimizes the memory
hierarchy, and the latter unifies computing with storage in the
same memory cell. Among the emerging materials for these
two technologies,1 chalcogenide phase-change materials
(PCMs)2,6 stand out as the most mature candidate, owing to
their robust working mechanism and their high compatibility
with the complementary metal−oxide−semiconductor tech-
nology.10 Competitive phase-change memory products have
been released recently, and are expected to lead to a major
change in data-intensive applications.11

Phase-change memory exploits the large electrical resistance
contrast between the amorphous and crystalline state of PCMs,
such as Ge2Sb2Te5 (GST),12−16 to enable digital data
storage.2,3 The switching between the two states is
accomplished by rapid and reversible structural transitions at
elevated temperatures, leading to switching times on the order

of tens of nanoseconds.17−20 Yet, the two states are thermally
robust at room temperature for decades in the absence of
power supply, ensuring long-term data storage. RESET
operations (amorphization) can be accomplished within 1
nanosecond, whereas SET operations (crystallization) need
much longer time. Preprogramming strategies were developed
to speed up the SET process of GST devices to enter the
subnanosecond regime.17,21 More recently, systematic screen-
ing across the periodic table led to the design of a new
material, namely, Sc0.2Sb2Te3 (“SST” in the following), which
was shown to enable subnanosecond SET operations even in
the absence of a pretreatment.22 This intrinsic material
approach extends the capability of phase-change memory to
compete with cache memory−static random access memory in
terms of both switching speed and operation frequency. Taking
into account the nonvolatile feature of SST, this new material
opens up the possibility to build a universal memory23 using
phase-change devices.
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The technologically relevant properties of PCMs can be
largely traced back to the atomic-scale structure and the
dynamics of the microscopic constituents. The abundance of
structural fragments that can serve as crystalline precursors
namely, ABAB squares (A = Ge or Sb, B = Te) in amorphous
GSTis one key parameter for fast incubation,24−29 whereas
the dynamical stability of ABAB squares at elevated temper-
atures is another one.22 In supercooled liquid GST, ABAB
squares have a short lifetime. By contrast, ABAB squares are
much more robust in supercooled liquid SST, thus reducing
the stochasticity of nucleation and leading to an ultrafast
incubation process.22 However, there remain open questions
regarding the chemical properties and crystallization dynamics
in SST. First, different crystalline polymorphs are known for
both Sc2Te3 and Sb2Te3; how do they affect the crystallization
tendency of SST? Second, what are the structural properties of
the amorphous phases, and what are the bonding mechanisms
at play? Finally, why does the concentration of Sc in SST need
to be kept at a relatively small percentage for high performance
of phase-change devices?
In this work, we perform thorough structural and chemical

bonding characterizations of both crystalline and amorphous
(a-) Sc2Te3 and Sb2Te3, the two parent compounds of SST,
based on ab initio simulations. We aim at understanding the
nature of bonding in a-Sc2Te3 and a-Sb2Te3, and the way by
which it leads to the enhanced nucleation in SST. These
atomistic and chemical insights are expected to drive further
development of cache-type phase-change memory.

■ RESULTS AND DISCUSSION
Crystalline Parent Compounds. Polymorphism occurs

for both crystalline Sb2Te3 and Sc2Te3. The stable phase of
Sb2Te3 is rhombohedral (R3̅m) with alternately stacked Sb and
Te layers forming quintuple blocks along the c axis.30 Each unit
cell contains three quintuple blocks and three gap layers
(Figure 1a). In addition, a metastable defective rocksalt-like
polymorph of Sb2Te3 was identified recently.31 This crystalline
phase shares similar structural features as rocksalt-like

GST32−34 in that one sublattice is fully occupied by Te
atoms, whereas the other one is randomly occupied by 2/3 Sb
atoms and 1/3 vacancies (Figure 1b). Despite the high
concentration of atomic vacancies, Peierls-like distortion
around Sb atoms is found in this disordered rocksalt-like
structure (Figure S1). In both polymorphs, Sb and Te atoms
form heteropolar Sb−Te bonds exclusively, with bond angles
close to 90°. As regards Sc2Te3, three crystalline phases have
been described. Similar to rocksalt-like Sb2Te3, a defective
rocksalt-like phase of Sc2Te3 exists (Figure 1c), which has a
smaller lattice parameter35 (a ≈ 5.817 Å) than the one of
Sb2Te3 (a ≈ 6.10 Å).31 Another crystalline phase of Sc2Te3
forms an orthorhombic Sc2S3-type structure with octahedral
coordination.36 The only difference between this phase and the
rocksalt-like phase is that the 1/3 atomic vacancies on the
cation sublattice are arranged in an ordered fashion (Figure
1d). The third crystalline phase of Sc2Te3 is a layered
rhombohedral phase in space group R3̅m with alternating
layers resembling cation-deficient B1-like (NaCl-type) and B8-
like (NiAs-type) motifs stacked along the c axis; no gap layers
are present here37 (Figure 1e). Some cation layers consist of 1/
3 Sc atoms and 2/3 atomic vacancies. All Sc atoms are
octahedrally coordinated by Te. By contrast, some Te atoms
form Sc−Te bonds with 70° and 130° bond angle near the B8-
like fragments, in addition to the majority of octahedral Sc−Te
bonds.
Density functional theory (DFT) calculations are performed

by using the Perdew−Burke−Ernzerhof (PBE) functional (see
more details in the Methods section). They show that rocksalt-
like Sb2Te3 is ∼75 meV/atom higher in total energy than the
stable rhombohedral phase. The calculated cohesive energies
are −0.06 and −0.12 eV/atom for rocksalt-like and
rhombohedral Sb2Te3, respectively. As regards Sc2Te3, all
three crystalline phases have a substantially more favorable
cohesive energy than Sb2Te3, that is −1.23, −1.22, and −1.15
eV/atom for orthorhombic, rhombohedral, and rocksalt-like
Sc2Te3, respectively. More precisely, our calculations reveal
that the rocksalt-like phase and rhombohedral phase that

Figure 1. Crystal structures of Sc2Te3 and Sb2Te3. (a) Rhombohedral Sb2Te3 (in the conventional hexagonal cell setup). The Sb−Te bond lengths
are 2.97 and 3.13 Å. (b,c) Rocksalt-like Sb2Te3 and Sc2Te3. The Sb−Te and Sc−Te bond lengths are ∼3.05 and ∼2.91 Å, respectively. 2/3 of the
cation sites are occupied, as indicated by partially filled spheres. Four-membered rings as the defining structural motif are highlighted. (d)
Orthorhombic Sc2Te3. Atomic vacancies are arranged in an ordered fashion. The Sc−Te bond length is ∼2.90 Å. (e) Rhombohedral Sc2Te3. The
occupancy for one of the Sc sites (6c) is 1/3, as indicated by partially filled spheres, whereas the others (3a and 3b) are fully occupied; see ref 37.
The Sc−Te bond length is ∼2.95 Å.
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contain strong disorder (i.e., randomly distributed atomic
vacancies on the cation sublattice) are ∼84 and ∼13 meV/
atom higher in total energy than the ordered orthorhombic
phase (see Methods).
For Sb2Te3 and SST, a rocksalt-like structure is obtained

upon rapid crystallization.22 However, the rhombohedral phase
of Sc2Te3 deviates from the rocksalt-like phase with non-
octahedral structural features, which could be present in the
amorphous state of Sc-rich Sc−Sb−Te compounds as well. In
terms of subnanosecond nucleation processes at evaluated
temperatures, the nonoctahedral motifs might hinder the
formation of nuclei, thus slowing down the SET operations of
phase-change devices. Structural and bonding analyses of the
amorphous phase discussed below provide further support that
the concentration of Sc in Sc−Sb−Te compounds needs to be
low.
Structure of the Amorphous Phases. An amorphous (a-

) Sc2Te3 structural model was generated in melt-quench
simulations (Figure S2). A 3 × 3 × 3 expansion of the rocksalt-
like unit cell with the experimental lattice parameter was used
as the starting configuration (180 atoms in a 17.58 × 17.58 ×
17.58 Å3 box). It was quickly heated above 2000 K for
randomization, and then quenched down to the melting
temperature of ∼1250 K and equilibrated there for 30 ps. Next,
the liquid model was quenched down to 300 K within 50 ps
and equilibrated at 300 K for 30 ps (Figure S2). The box size
of the model was adjusted seven times during the quenching
simulation to reduce the internal stress. A theoretical density of
0.0313 atom Å−3 was obtained for a-Sc2Te3, corresponding to a
supercell of 17.91 × 17.91 × 17.91 Å3. Two additional a-
Sc2Te3 models and three a-Sb2Te3 models (containing 180
atoms each) were generated with the same scheme. The
theoretical density of 0.0271 atom Å−3 was used for a-
Sb2Te3.

38 The structural features of a-Sb2Te3 discussed below
are in good agreement with previous work.38−40 All three a-
Sc2Te3 models give very similar results, and the same holds for
a-Sb2Te3.
The (partial) pair correlation functions (PCFs) were

calculated based on the ab initio molecular dynamics
(AIMD) trajectories at 300 K (Figure 2). As regards the
total PCF, a-Sc2Te3 (Figure 2a) shows a similar profile as
compared with a-Sb2Te3 (Figure 2e), with similar peak

positions for both the first (∼2.9 Å) and second peaks (∼4.2
Å). This structural similarity guarantees the overall geometrical
compatibility between the two amorphous materials. However,
clear differences are observed at ∼3.4 Å, in that the first valley
of the total PCF is deeper in a-Sc2Te3 than in a-Sb2Te3,
indicating much fewer chemical bonds in this length range in
the Sc compound. Indeed, there is almost no contact between
Sc and Te atoms between 3.3 and 4.2 Å, whereas a finite
fraction of Sb−Te bonds is observed consistently in the same
length range. Furthermore, a primary peak for homopolar Sb−
Sb and Te−Te bonds is found at ∼3.0 Å in a-Sb2Te3, but is
absent in a-Sc2Te3, indicating a more ordered amorphous
network in Sc2Te3. Based on the PCF data, we set a uniform
cutoff at 3.3 Å for a-Sc2Te3, and separate cutoffs for a-Sb2Te3
with Sb−Te 3.4 Å, for Sb−Sb 3.3 Å, and Te−Te 3.2 Å, for
further structural analyses. The choice of cutoffs for a-Sb2Te3 is
in line with previous work.38,39

Figure 3a shows the distribution of coordination numbers
(CNs) in our systems. In a-Sc2Te3, the majority of Sc and Te

atoms are six- and four-fold coordinated, whereas in a-Sb2Te3,
most Sb and Te atoms are four- and three-fold coordinated.
Note that, in the rocksalt-like phases, Sc and Sb have six-fold
coordination, whereas Te atoms are, on average, four-fold
coordinated due to the presence of vacancies. The angular
distribution functions (ADF) show a prominent feature of
octahedral configuration with a major peak around 90° and a

Figure 2. Atomic contacts in the amorphous phases, determined from the PCF. Data were collected based on a 10 ps AIMD trajectory at 300 K.
(a−d) Total and partial PCFs of a-Sc2Te3. The positions of the first peak are 2.93 Å (total), 2.93 Å (Sc−Te), 4.14 Å (Sc−Sc), and 4.06 Å (Te−
Te), respectively. (e−h) Total and partial PCFs of a-Sb2Te3. The position of the first peak is at ∼2.93 Å for the total and the three partial PCFs.

Figure 3. The local structural analysis for a-Sc2Te3 and a-Sb2Te3 at
300 K. (a) Distribution of CN and (b) ADF of a-Sc2Te3 and a-Sb2Te3.
Insets in (b) show typical atomic configurations for Sc (CN = 6) and
Te (CN = 4) atoms in a-Sc2Te3, and Sb (CN = 4) and Te (CN = 3)
atoms in a-Sb2Te3.
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small peak near 170° in both compounds (Figure 3b). A major
difference between the two structures is that a shoulder and a
small peak appear around 70° and 130° for Te atoms in a-
Sc2Te3, corresponding to the nonoctahedral bonding environ-
ments that are observed in the rhombohedral phase of Sc2Te3.
Typical structural motifs of the two phases are shown in Figure
3b. The preponderance of (defective-) octahedral coordination
is confirmed by computing the local order parameter,38

∑ θ= − +
>
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i k
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where the sum runs over pairs of atoms (i and k) bonded to a
central atom (j). No tetrahedral motifs (q > 0.8) are identified
in a-Sb2Te3. With regard to a-Sc2Te3, all Sc atoms are
octahedrally coordinated, whereas a small fraction of Te atoms
(∼5%) is found in tetrahedral coordination. Overall, the
dominant octahedral motifs closely resemble the local structure
in the defective rocksalt-like crystals (Figure 1c,d).22,31

The analysis of primitive (“shortest-path”) rings is typically
used to understand the medium-range order of amorphous
networks. An ideal rocksalt lattice consists of four-membered
rings (ABAB squares). In the amorphous phase, more complex
rings can emerge. The distribution of primitive rings up to ten-
fold for the two compounds is shown in Figure 4a. Four-

membered rings are the dominant structural fragment in a-
Sb2Te3, whereas other even- and odd-membered rings are also
observed. By contrast, comparable fractions of four-, six-,
eight-, and ten-membered primitive rings are found in a-
Sc2Te3, whereas odd-membered rings are completely absent
(Figure 4a). ABAB squares with A = Sc or Sb and B = Te
represent the smallest crystal units in recrystallized SST. In a-
Sb2Te3, ABAB squares constitute ∼80% of the four-membered
primitive rings, whereas rest of them are in AAAB or ABBB
forms. But in a-Sc2Te3, all four-membered primitive rings are
ABAB squares. These structural differences between the two
compounds stem from the absence of homopolar bonds in
Sc2Te3, as to form odd-membered primitive rings, at least one
pair of homopolar bonds must be present. Typical ring motifs
found in our simulations of a-Sc2Te3 and a-Sb2Te3 are shown
in Figure 4b−e. This property explains why, upon alloying Sc
atoms into Sb2Te3, the number of high-quality crystalline
precursors consisting of ABAB squares increases.

Electronic and Bonding Nature. Next, we carry out the
chemical bonding analyses of the two amorphous compounds
using the crystal orbital Hamilton population (COHP)
method.41−43 This method dissects the electronic density of
states (DOS) into bonding (stabilizing) interaction and
antibonding (destabilizing) interaction, revealing the chemical
stability of compounds. Both a-Sc2Te3 and a-Sb2Te3 models

Figure 4.Medium range order in a-Sc2Te3 and a-Sb2Te3 at 300 K. (a) Statistics for primitive rings: note the absence of any odd-membered rings in
the Sc phase. (b−e) Snapshots of typical four- and six-membered primitive rings in a-Sc2Te3 (the former resembling the crystalline phase; cf. Figure
1b,c), and typical four- and five-membered primitive rings in a-Sb2Te3. In both amorphous phases, the bonding angles in four-membered rings are
close to 90°, whereas higher-membered rings typically include nonoctahedral-like structural fragments.

Figure 5. Chemical bonding in a-Sc2Te3 and a-Sb2Te3. (a,b) DOS and COHP analysis for a-Sc2Te3 and a-Sb2Te3. Contributions from all atomic
contacts up to 3.4 Å were collected for COHP analyses. (c,d) Löwdin charges (in electrons per atom) of a-Sc2Te3 and a-Sb2Te3. The x-axis is an
arbitrary running index, and average values are given for all atomic species.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.9b00510
Chem. Mater. 2019, 31, 4008−4015

4011

http://dx.doi.org/10.1021/acs.chemmater.9b00510


were quenched down and optimized at 0 K for the DOS and
COHP calculations. DFT calculations (using the PBE
functional) show that rhombohedral Sb2Te3 has a narrow
band gap of 0.15 eV,44 whereas no band gap is found for all
three crystalline phases of Sc2Te3 (Figure S3). With regard to
the amorphous phase, finite band gaps are found for both a-
Sc2Te3 (∼0.25 eV) and a-Sb2Te3 (∼0.1 eV), see Figure 5a,b.
This suggests a metal-to-semiconductor transition for Sc2Te3
upon amorphization. The closed band gap in rhombohedral
Sc2Te3 is due to defects states brought by the high amount of
atomic vacancies, as a finite gap of ∼0.2 eV can be obtained if
Sc2Te3 takes the crystal structure of rhombohedral Sb2Te3,
where no vacancies are present (Figure S4). As regards the
bonding, both amorphous structures are free from antibonding
interaction directly at the Fermi level, indicating good chemical
stability of the two phases (Figure 5a,b). For a-Sc2Te3, all filled
bands up to the EF contribute to stabilization of the system,
whereas there exists a finite antibonding interaction region
below EF in a-Sb2Te3, indicating a potential source of
instability of the system. To make a more direct comparison,
we create a hypothetical a-Sb2Te3 model to rule out the effects

of homopolar bonds: for this, we take an a-Sc2Te3 structure
and substitute all Sc atoms with Sb atoms in exactly the same
geometrical configuration, including the atomic position and
the lattice parameter, and perform the COHP analysis for the
resulting model. In this configuration, all bond contributions
are made by Sb−Te bonds, and the antibonding interaction
below the EF is still present (Figure S5). Overall, we can
conclude that a-Sc2Te3 is chemically more robust than a-
Sb2Te3. These bonding features are in line with those found in
the crystalline structures22 (Figure S5).
The absence of homopolar bonds leads to better defined

crystalline precursorsABAB squares and cubes in a-Sc2Te3
(Figure 4b). To further understand these structural features,
we create a hypothetical a-Sc2Te3 model in which all Sb atoms
in an a-Sb2Te3 configuration are substituted with Sc atoms,
forming a finite fraction of homopolar Sc−Sc and Te−Te
bonds (Figure 6). The presence of these homopolar bonds
leads to a high penalty in total energy of ∼600 meV/atom,
which drives a strong relaxation of the system even at room
temperature (Figure 6c). All of the homopolar bonds vanish
quickly at room temperature, forming perfect ABAB squares

Figure 6. Strong relaxation of a-Sc2Te3 in the presence of homopolar bonds. (a) Statistics of homopolar bonds for melt-quenched a-Sb2Te3 (blue)
and a hypothetical a-Sc2Te3 structure created by chemical substitution (red). The starting configuration is obtained by substituting all Sb atoms
with Sc atoms in the a-Sb2Te3 model and re-scaling the cell volume to match that of our melt-quenched a-Sc2Te3 models. (b,c) Evolution of
homopolar bonds (drawn as thick colored sticks) in the simulations. Yellow, red, and blue bonds represent Sb−Sb, Sc−Sc, and Te−Te bonds,
respectively.

Figure 7. Chemical bonding analysis of a-SST. The model contains 8 Sc, 64 Sb, and 108 Te atoms in a 18.75 × 18.75 × 18.75 Å3 supercell,
corresponding to the theoretical density of the amorphous phase. Both the atomic positions and volume are relaxed at 0 K. (a,b) DOS, COHP, and
Löwdin charge analyses for a-SST. (c) COHP plots resolved according to Sb−Te, Sc−Te, Sb−Sb, and Te−Te bonds, collected over all occurrences
of the respective contact in the simulation cell. Sc−Sc and Sc−Sb bonds are not found in the amorphous models. Contributions from all atomic
contacts up to 3.4 Å were collected for COHP analyses.
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and cubes again. This tendency can be qualitatively understood
based on the difference in electronegativity of the constituent
elements: this difference is much larger for the pair Sc/Te than
for Sb/Te, leading to a stronger charge transfer in a-Sc2Te3.
More quantitative information about individual atomic charges
can be obtained from first-principles calculations: for this
purpose, we use the same local-basis projection scheme as for
the COHP analysis and now compute Löwdin charges45

(Figure 5c). Clearly, in a-Sc2Te3, atoms are more ionic than in
a-Sb2Te3, which increases the Coulomb repulsion between
atoms with the same type of charge, resulting in a stronger
energy penalty. Such ionic character is also present in the
crystalline phases of Sc2Te3 (Figure S3).
Implications for Memory Devices. In typical phase-

change memory devices based on GST or SST, the thickness of
PCM layers amounts to several tens to a few hundred
nanometers, and nucleation plays a leading role for
crystallization.6 Although not determined precisely, the size
of critical nuclei in SST is estimated to be several tens of atoms
at ∼600 K, corresponding to several connected cubes.22 The
commercialized GST-based phase-change random access
memory (PRAMs) suffer from the stochastic incubation
process for nucleation in that the abundant crystalline
precursors (ABAB squares and cubes) break and reform
rapidly with a very short lifetime of ∼5 ps at elevated
temperatures, for example ∼600 K. By contrast, Sc−Te bonds
are typically more robust and can stay intact over long periods
of time at 600 K. Here, our direct chemical bonding analyses of
amorphous SST provide additional theoretical support for this
scenario (Figure 7). The overall DOS and COHP curves of a-
SST look similar to those of a-Sb2Te3 in that an antibonding
region is found right below the Fermi level (Figure 7a).
Resolving the COHP contributions to individual types of
neighboring species reveals that this antibonding interaction is
mainly contributed by Sb−Te and Te−Te bonds (Figure 7c).
However, a stabilizing bonding interaction is observed for Sc−
Te bonds in this energy range (Figure 7c). Moreover, the
Löwdin charge analysis shows a more ionic character of Sc
atoms in a-SST (Figure 7b), which results in the absence of
homopolar Sc−Sc bonds because of the high energy penalty
for cation−cation repulsion. The bonding nature of Sc atoms
in a-SST generates high-quality and high-strength Sc−Te
squares and cubes, thereby suppressing the stochasticity of
incubation for ultrafast SET operations in SST-based PRAMs.
Our simulations reveal that Sc-centered local motifs in

amorphous and all three crystalline states of Sc2Te3 always
exhibit perfect or defective octahedral configuration, whereas a
fraction of Te atoms in both rhombohedral and amorphous
states tends to form nonoctahedral bonds, which also result in
higher-membered rings in the amorphous structure, deviating
from the rocksalt one (Figure 4c). Given the robustness of Sc−
Te bonds, the nonoctahedral bonds and six-membered
primitive rings may stay intact over long period of time at
∼600 K, hindering crystallization into rocksalt-like structure.
Our findings thus indicate that too much addition of Sc should
be avoided for high-speed Sc−Sb−Te phase-change memory
devices. Given a limited concentration of Sc, such as 4%
atomic percent in SST (10% Sc2Te3 and 90% Sb2Te3), Te
atoms would have a very low probability of forming
nonoctahedral Sc−Te−Sc bonds in the Sc-poor environment.
Another effect brought by the overconcentration of Sc is an
increased viscosity22 stemming from the strong, partly-ionic
Sc−Te chemical bonds. On the one hand, the latter effect

stabilizes the amorphous phase at low temperature for longer
data retention, but, on the other hand, it reduces the atomic
mobility at elevated temperatures, slowing down the crystal
growth of SST and impeding the subnanosecond SET
operations. The so-derived chemical design principles for
high-performance cache-type Sc−Sb−Te PCM are summar-
ized in Figure 8.

■ CONCLUSIONS
In summary, the structural and chemical bonding properties of
amorphous Sc2Te3 and Sb2Te3 have been clarified by
comprehensive ab initio simulations. Our structural analyses
reveal good geometrical compatibility between the two
amorphous phases, whereas a-Sc2Te3 has a better defined
local geometry. The absence of homopolar bonds in a-Sc2Te3
is attributed to strong charge transfer, and to the resulting high
energy penalty for homopolar bonds. Although a-Sc2Te3
exhibits high chemical stability, our simulations also indicate
that too large Sc concentrations in the Sc−Sb−Te alloy need
to be avoided, as the increased medium-range order brought
by a-Sc2Te3 would drive the amorphous structure away from
the local order in the targeted crystalline counterparts,
increasing structural complexity that impedes rapid nucleation.
In contrast, alloying a small amount of Sc2Te3 into Sb2Te3,
better-defined and chemically more robust ABAB squares and
cubes enable enhanced nucleation in the resulting SST
material, thereby enabling subnanosecond memory operations.

■ METHODS
The structural relaxation and self-consistent electronic-structure
calculations based on DFT were carried out using the Vienna Ab
initio simulation package, with a plane wave cutoff of 500 eV, the
projector augmented-wave pseudopotentials,46 and the PBE func-
tional.47 All crystalline models are calculated by using the
experimental lattice parameters. For rhombohedral and rocksalt
Sc2Te3 and rocksalt Sb2Te3, three independent models, where the
positions of atomic vacancies are generated by a random number
generator, are calculated for each crystalline phase. The averaged
energy values are taken for the calculation of energy difference. More

Figure 8. The chemical design principles for cache-type Sc−Sb−Te
compounds. When a limited fraction of Sc2Te3 (10%) is alloyed into
Sb2Te3 (90%), the SST compound (4% Sc) can take advantages of
both parent compounds to undergo ultrafast nucleation with high-
quality and robust Sc−Te crystalline precursors and subsequent rapid
crystal growth of Sb−Te components. Thus, subnanosecond SET
operations can be achieved in conventional PRAM cells with SST
PCM. The top and bottom electrode contact are abbreviated as TEC
and BEC.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.9b00510
Chem. Mater. 2019, 31, 4008−4015

4013

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00510/suppl_file/cm9b00510_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b00510


details about the crystalline Sc2Te3 can be found in Figure S3. The
chemical bonding analysis was performed using the COHP
method,41−43 as implemented in the local orbital basis suite towards
electronic-structure reconstruction (LOBSTER).48 This bonding
analysis tool reads the wave functions from plane-wave DFT
calculations,49 and projects them onto localized orbitals, thereby
making large and complex structural models readily accessible to a
chemical interpretation. In the recent years, this approach has been
applied to highly disordered crystalline22,50,51 and even amorphous
PCMs.52−54 More recently, charge analyses have been implemented in
LOBSTER, making it possible to assign Löwdin atomic charges based
on the same projection scheme and thereby analyzing both the
covalent and the electrostatic nature of the system.55 DFT based
AIMD simulations were carried out using the second-generation Car−
Parrinello scheme,56 implemented in the Quickstep code of the CP2K
package.57 The code uses a mixed scheme of Gaussian-type basis sets
and plane waves. The Kohn−Sham orbitals were expanded in basis
sets with triple-zeta plus polarization quality. Plane waves with a cutoff
of 300 Ry were used to expand the charge density. The Goedecker
pseudopotentials58 and the PBE functional47 were used. The Brillouin
zone was sampled at the Γ point of the supercell. AIMD simulations
were performed in the canonical ensemble (NVT) with a stochastic
Langevin thermostat. The time step was 2 fs. During quenching
simulations, the size of the supercell was adjusted seven times, and
each simulation was an independent NVT run.
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