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The remarkable ability of phase change materials (PCM) to switch between amorphous and crystalline states
on a nanosecond time scale could provide new opportunities for graphene engineering. We have used density
functional calculations to investigate the structures and electronic properties of heterostructures of thin amorphous
and crystalline films of the PCM GeTe (16 A thick) and Ge,Sb,Tes (20 A) between graphene layers. The
interaction between graphene and PCM is very weak, charge transfer is negligible, and the structures of the
chalcogenide films differ little from those of bulk phases. A crystalline GeTe (111) layer induces a band gap
opening of 80 meV at the Dirac point. This effect is absent for the amorphous film, but the Fermi energy shifts
down along the Dirac cone by —60 meV. Ge,Sb,Tes shows similar features, although inherent disorder in the
crystalline rocksalt structure reduces the contrast in band structure from that in the amorphous structure. These
features originate in charge polarization within the crystalline films, which show electromechanical response
(piezoelectricity) upon compression, and show that the electronic properties of graphene structures can be
tuned by inducing ultrafast structural transitions within the chalcogenide layers. Graphene can also be used to

manipulate the structural state of the PCM layer and its electronic and optical properties.

DOLI: 10.1103/PhysRevB.93.195443

I. INTRODUCTION

The remarkable structural and electronic properties of
graphene have led to an entirely new branch of materials
science [1]. A single hexagonal graphite layer is surprisingly
stable and can be wrapped into nanotubes and other structures,
and its high electronic mobility makes it particularly attractive
for applications in electronics. The successful preparation
of graphene has also focused renewed attention on other
layered materials and on intercalated compounds with unusual
properties. Graphene is, moreover, the simplest example of a
zero-gap semiconductor with a “Dirac cone” band structure
at the Fermi energy, and this has led to poor performance
in optical devices. Recent work has shown, however, that
heterostructures of graphene with materials with a gap can
be prepared with much improved properties [2]. Bi,Tes, for
example, has a hexagonal structure like graphene and is a small
band gap material from the “topological insulator” (TT) family.
In TI materials, strong spin-orbit coupling induces surface
states that are protected against time-reversal perturbations,
and the band structure at the surface also shows a Dirac cone.

Bi, Te; has been well studied in the context of thermoelec-
tric applications, and thin films are topological insulators with
low charge carrier concentrations and high mobility at surfaces
[3]. It has been shown very recently that layers of BiyTe;
and another TI material Sb,Te; can be grown epitaxially on
a Si(111) substrate. The result is a p-n junction where the
chemical potential is tunable by up to 200 meV by varying
the thickness of the Sb,Tes layer [4]. Moreover, nanowires of
Bi,Tes show a reversible crystalline-amorphous phase change
that can be induced by heat, laser, and electric field treatment

“jaakko.akola@tut.fi

2469-9950/2016/93(19)/195443(8)

195443-1

[5], and share these properties with commercial phase change
materials (PCM). PCM have been used in rewritable data
recording for over 20 years [digital versatile disk (DVD-RW),
Blu-ray Disc Recordable Erasable (BD-RE)], where the rapid
switching between crystalline (c¢) and amorphous (a) forms
of nanosized bits in a polycrystalline layer is monitored by
changes in the resistivity or optical properties. The most
common PCM are chalcogenide alloys, particularly those with
compositions along the pseudobinary line (GeTe),_,(Sb,Te3),
(GST). Extensive experimental and theoretical studies have
been carried out on GST materials, with particular focus on
GeTe and Ge,Sb,Tes (GST-225) [6-16].

GST materials are also leading candidates for computer
random access memory (PC-RAM) [17-19] and are expected
to provide nonvolatile memory in future low-energy electronic
devices. The phase change in PC-RAMs is initiated by resistive
heating, and the state is monitored by measuring the resistivity
[20]. High programming currents are incompatible with low-
power operation of PC-RAM, and one way of reducing the
current is to lower the heat loss at the interface between the
GST layer and the heater electrode. Graphene and carbon
nanotubes (CNT) are extremely good heat conductors in-plane
or along the tube axis [21,22], but the weak interactions
between layers lead to low out-of-plane thermal conductivity
[23,24]. Reduced heat loss from the PCM layer has been
demonstrated recently with carbon nanotubes [25,26] and
graphene [27], where low set and reset currents were attained,
and 10° programming cycles were achieved with graphene as
an electrode interface material [27]. The interaction between
the PCM and the heater (such as TiN) also leads to degradation
of PC-RAM [28,29], which could well be reduced by a
graphene buffer between them.

A graphene buffer could aid other applications, such
as ferroelectricity in PCM [30,31]. Graphene would have
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advantages for a ferroelectric RAM built from GST materials
(including GeTe and Ge,Sb,Tes), since the mismatch between
the (111) surface of the rocksalt type GeTe or GST-225 and
V3 x /3 overlayer on graphene is less than 0.1 A, so that films
grown on graphene should be relatively strain-free and/or free
of lateral modulation (e.g., moiré pattern). A vertical electric
field can induce a band gap in a graphene bilayer, and this
mechanism is the basis of a gate-controlled Re-RAM cell [32].
A density functional study of graphene/GST-225 crystalline
superlattices showed that the Dirac fermions in the graphene
layer are strongly affected by the GST layers [33].

These aspects have prompted us to ask whether the remark-
able ultrafast phase transition of PCMs could be combined
with the 2D properties of graphene. The key issues are the
amorphous state of the PCM layer and its properties when
introduced into a graphene heterostructure (sandwich). It is
computationally challenging to model the electronic structure
of amorphous systems with hundreds of atoms, and we
know of no previous study of such effects. We have applied
density functional (DF) methods to determine the structures
and electronic properties of crystalline and amorphous thin
films of GeTe (16 A) and GST-225 (20 A) and how they are
modified when confined between graphene sheets. We show
how the electronic properties of graphene are affected by the
presence of the chalcogenide layers and that its conductivity
can be tuned by inducing structural phase transitions in
the chalcogenide layers. Conversely, graphene can be used
as a thermal switch (heater) for tuning the electronic and
optical properties of PCM layers. Opportunities for electronic
applications in several fields are evident.

II. COMPUTATIONAL METHODS

To optimize the structures and cell dimensions in such large
samples we have used the CP2K/Quickstep program package
[34,35], which uses a mixed Gaussian and plane-wave basis
[valence triple-zeta plus polarization (TZVP), plane wave
cutoff 550 Ry]. The parametrization of Perdew, Burke, and
Ernzerhof (PBE) [36] for the exchange-correlation energy has
provided reliable descriptions of structural properties in many
Ge/Sb/Te materials [37], and is used here. The description
of the weak dispersion forces between graphene and the
layers has been improved by using the DFT-D3 van der Waals
corrections of Grimme et al. [38].

Electronic properties, projected density of states and band
structures, were calculated with the Quantum ESPRESSO
program [39]. The self-consistent calculations used ultrasoft
pseudopotentials for all elements, a plane-wave cutoff for the
orbitals of 40 Ry, and a charge density cutoff of 320 Ry.
Band structure calculations, particularly for the largest het-
erostructure systems (c-GST-225, a-GST-225, a-GeTe), used
the method of Shirley [40,41], where the solutions of the
Kohn-Sham equations for a small number of wave vectors
k are used to find a basis of periodic functions that best span
the periodic parts of such solutions for all k. This basis is then
used to construct a compact k-dependent Hamiltonian.

Graphene layers with 216 C atoms have been used in
all systems, corresponding to a lateral size of ~25.6 A
in a hexagonal supercell (the calculations were performed
in a corresponding orthorhombic supercell). The GeTe

PHYSICAL REVIEW B 93, 195443 (2016)

heterostructures comprised 108 atoms each of Ge and Te (432
atoms in total), and 57 Ge, 58 Sb, and 144 Te for GST-225
(475 atoms in total). The crystalline GST-225 layer comprised
29 vacancies (10%) corresponding to the rocksalt phase of the
bulk structure that is involved in the amorphous-to-crystalline
transition.

A crystalline GeTe thin film was obtained by optimizing a
thin film with (111)-surface orientation cut from the rocksalt
GeTe structure. The crystalline GST-225 thin film was cut
from the bulk GeTe structure, followed by random replacement
of Ge atoms by Sb atoms and vacancies to give the correct
composition. Amorphous thin films were cut from large
amorphous blocks generated in previous studies of GeTe and
GST-225 [11], taking care that the amorphous thin films had
the same lateral size and number of atoms as their crystalline
counterparts. The initial height of the cell was large enough
to avoid compression during geometry optimization. The
amorphous films and graphene were relaxed by performing
Car-Parrinello molecular dynamics (30 ps at 300 K) with the
CPMD program [42]. The lattice constants of graphene and
the chalcogenide (111) surfaces match nearly perfectly, and
both hollow and on-site alignments were tested for crystalline
films. Changes in the electronic structure on changing the layer
separation were monitored.

The interaction (adhesion) energy was calculated from

Ead = Egr + EPCM - Et()tv (1)

where E,, and Epc)y are the energies of the isolated graphene
and PCM thin films in the cell of the original system, and E;,
is the total energy of the sandwich structure.

The total charge density and charge transfers were cal-
culated using the CP2K program [34]. The redistribution of
electron density in PCM and graphene films upon heterostruc-
ture formation has been analyzed by calculating the electron
density of the periodic heterostructure and separated films
in vacuum. The densities were averaged laterally in the z
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FIG. 1. Optimized geometries shown with periodic images of
graphene. (a) c-GeTe, (b) a-GeTe, (c) c-GST, and (d) a-GST. Ge: red;
Sb: blue; Te: yellow; C: gray. Figures are shown to scale. Measured
distances are in A.
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FIG. 2. In-plane (dark gray) and out-of-plane (light orange)
bonds. The numbers of bonds are shown as a function of bond center
height. (a) a-GeTe sandwich; (b) a-GST sandwich.

direction, and the resulting valence electron distributions of
the layers were subtracted from that of the heterostructure:

Api(z) = pi(2) — pi"(2) — pTM(2). )

The Bader partial charge analyses for effective atomic charges
[43] were performed using the code of Henkelman er al. [44].

III. RESULTS

The heterostructure geometries in Fig. 1 have been opti-
mized in terms of both atomic structure and simulation cell,
and the amorphous structures are based on the corresponding
bulk samples which have been relaxed by (DF) molecular
dynamics at 300 K before the final optimization (see Sec. II).
The heterostructures show that the interaction between the
PCM and graphene is very weak, and periodic boundary
conditions lead to Ge—graphene—Te interfaces in the crystalline
(c) GeTe sandwich and Ge/Sb—graphene—Te in ¢-GST [facing
(111) facets of the rocksalt structure]. The interfaces are
more homogeneous in amorphous systems, with a mixture
of Ge/Te (Ge/Sb/Te) on both sides of the graphene layer,
which forms no chemical bonds with it and follows its surface

PHYSICAL REVIEW B 93, 195443 (2016)

features. The asymmetry noted for crystalline films leads to
different layer separations, while the amorphous films have
disordered layers with lateral variations in the structure. As in
the bulk amorphous structures [11,45], both PCM films have
tetrahedral Ge atoms and homopolar (“wrong”) bonds (Fig. S1,
Supplemental Material [46]). The heterostructures are slightly
thicker in the amorphous phase (4.4% and 1.9% for GeTe and
GST-225, respectively), which is consistent with the observed
amorphous densities in the bulk phase. The perpendicular
modulation of the graphene layer is evident in the amorphous
films, and vacancies at the interface in crystalline GST-225
film lead to a similar, but weaker effect.

Bonds in the amorphous material shorter than 3.2 A were
categorized by projecting them onto the XY plane (“in-plane”)
and Z vector (“out-of-plane”) and noting the longer compo-
nent. The bond sums as a function of height (Z coordinate of
the bond center) are shown with the corresponding geometries
in Fig. 2, which shows clear peaks for the in-plane bonds
at the interfaces. The graphene sheet acts as a steric wall,
and the PCM forms a layerlike structure at the interface.
These layers form bonds to more randomly oriented PCM
atoms below (above) that are visible as out-of-plane peaks
near the PCM surface. This resembles the universal effect for
liquids with hard walls [47], and is due to the weak interaction
with graphene. A similar effect where surface atoms relax
to their natural (covalent) coordination by forming bonds in
lateral directions has been observed for an open PCM surface
(vacuum) [48].

The average partial charges and their standard deviations
are given in Table I. The charge is very close to zero for
graphene C atoms in all cases, indicating the absence of
significant charge transfer between the graphene sheet and
PCM, while the values for the latter are comparable to bulk
values [49]. Ge and (particularly) Sb are positively charged,
and Te charges are negative. The laterally averaged charge
density difference is shown for all systems in Fig. 3, which
reveals a polarization effect for crystalline PCM layers, with
more charge accumulating at the Ge/Sb—graphene interface.
The amorphous layers induce a smaller and symmetric
accumulation on both sides of graphene. We show below
that this contrast between crystalline and amorphous layers
is crucial for the electronic band structure.

The interfacial adhesion energies [Eq. (1), Table I] corre-
spond to Ge—graphene-Te for c-GeTe, Ge/Sb—graphene—Te
for c-GST, and mixture—graphene—mixture for the amorphous
systems (“mixture” denotes Ge/Te or Ge/Sb/Te, respectively).
Crystalline GeTe has ideal surfaces and the highest adhesion
energy. The presence of randomly distributed vacancies and

TABLE 1. Average partial charges (Bader method) and their standard deviations for the heterostructures. Last column: adhesion energy

between the graphene sheet and PCM film.

Partial charges (e) Adhesion energy
C Ge Sb Te J/m?)
GeTe Crystalline 0.00 £ 0.03 0.36 +0.02 —0.354+0.03 0.49
Amorphous 0.00 £ 0.05 0.33 +0.07 —0.32+0.07 0.41
GST Crystalline 0.00 £ 0.05 0.35+0.05 0.44 +0.10 —0.31 +£0.09 0.42
Amorphous 0.00 + 0.04 0.33 +0.08 0.38 +0.14 —0.28 £0.10 0.41
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FIG. 3. Laterally averaged charge density difference for (a)
c-GeTe, (b) a-GeTe, (c) c-GST, and (d) a-GST graphene heterostruc-
tures. The positive values correspond to local charge accumulation
upon heterostructure formation (as compared to separated layers).

associated relaxation effects leads to structures in c-GST that
are not ideal. The calculated adhesion energies are above
0.40 J/m? and agree reasonably well with values reported
for other systems, including the Ni—graphene—Ni/Cu interface
[50,51] and calculated and measured values for a graphene
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sheet on SiO; [51,52]. The importance of dispersion forces
between graphene and substrate has been observed in other
systems with atomically smooth surfaces [52,53].

Figure 4 shows the electronic band structure and the
projected density of states (PDOS) of the c-GeTe sandwich.
The band structures calculated with the method of Shirley [40]
(black lines) and with a standard self-consistent calculation
(dashed yellow lines) agree very well. This supports the use
of the former for an improved sampling of the k space for
PDOS calculations in systems with several hundred atoms.
Furthermore, the associated computational cost per k-point
reduces significantly with the method of Shirley.

A small band gap of the c-GeTe/graphene heterostructure is
evident in both the band structure and the PDOS. The smallest
hexagonal cell for the sandwich structure contains the /3 x
V/3 supercell of graphene with 30° rotation, and the K point
of the graphene unit cell folds to the I" point of the hexagonal
unit cell. The graphene sheet then shows the familiar Dirac
cone at I" (see Fig. S2). The expanded view of the cone and
the band structure [Fig. 4(b)] shows that the gap has opened by
80 meV, so that the system is also semiconducting in the lateral
dimension. A similar effect has been observed when graphene
shares an interface with SiC [54] or BN [55]. Moreover, the
GeTe film has an indirect band gap of 150 meV, and its lowest
unoccupied band corresponds to the onset of the conduction
band for the whole system. The presence of the graphene
bands leads to valence band splitting in the GeTe film, but the
absence of a shift in the Fermi level indicates no charge transfer
between the graphene sheet and the PCM film, as confirmed
in Table I.

The large lateral supercell of the heterostructures means
that the corresponding reciprocal lattice cells are very small
(Fig. S2), and the calculated electronic band structures show
extensive folding and an increased number of electronic states.
The crystalline GeTe sandwich is the only system with a
periodic structure and is the only one that can be represented
with a smaller unit cell. The band structure can also be
calculated for the larger systems by applying the method
of Shirley. 3D images of the band structure around the I'
point within the reduced (folded) Brillouin zone are shown
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FIG. 4. Electronic band structure of the c-GeTe/graphene sandwich. (a) Band structure calculated directly (dashed yellow) and with the
method of Shirley (black). The last panel shows PDOS of the same system. (b) Closeup around the I' point with weights shows the splitting of
the Dirac cone (graphene) and the indirect band gap of GeTe. The calculation is performed in the hexagonal unit cell.
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FIG. 5. Band structure near the I" point for (a) c-GeTe sandwich, (b) a-GeTe sandwich, (c¢) ¢-GST sandwich, and (d) a-GST sandwich.
The band structures were sampled with a 40 x 40 mesh within the I'-point region, covering an area where k, and k, vary between —0.15 and

0.15 A~'. The Dirac cone splitting is induced (upon folding) by small variations in the cell size.

in Fig. 5 for all heterostructures, where the band structure
for c-GeTe/graphene was also calculated with the (larger)
supercell geometry [Fig. 1(a)] to simplify the comparison
with the other systems. It is the only system where graphene
does not bend, and the lateral cell is compatible with the cell
size set by graphene. The graphene sheet bends in all other
cases, and the lateral size of the cell changes during geometry
optimization. As a result, the Dirac cones of a-GeTe, c-GST,
and a-GST do not fold exactly to the I" point, but are slightly
displaced and split. The band structures were then sampled
with a 40 x 40 k-point mesh. The Fermi level shifts and band
gaps of graphene for all systems are given in Table II.

While the folded (and split) Dirac cones of graphene are
visible near the I" point in Fig. 5, the bands associated with
PCMs are flat and can easily be identified. The impact of the
particular structure of the PCM layer on the electronic structure
of graphene proves interesting: crystalline films cause a band
gap opening within graphene, whereas amorphous systems
have little effect. In other words, one can tune the electronic
properties of graphene by switching the structure (crystalline,

TABLE II. Electronic band gaps of graphene and Fermi level
shifts of the heterostructures. The Fermi level shift was measured
from the tip of the lower cone(s); the energy gap is the minimum
distance between the cone tips.

Graphene band gap Fermi level shift
(meV) (meV)
GeTe  Crystalline 44 (80)* 1(—)*
Amorphous 7 —63
GST  Crystalline 18 —67
Amorphous 7 -59

#Original unit cell with hexagonal symmetry.

amorphous) of the neighboring PCM layer. This is apparently
due to the polarization in the asymmetric crystalline PCM
films (Fig. 3), where the graphene-facing layers are different
on the opposite sides, as imposed by the rocksalt structure and
stoichiometry. We note that epitaxially grown GST-225 has no
vacancies, and we can expect similar results as in c-GeTe.

A notable feature in the band structures is the displacement
of the Fermi level. A perfect crystalline surface of GeTe has
no shift, while amorphous or crystalline with defects result in
shifts of ~60 meV below the Dirac cone. The band structure of
a graphene sheet from the a-GST/graphene system (Fig. S3)
shows no significant opening or Fermi level shift, so that we
can rule out the effect of graphene bending. The observed
effects then arise mainly from the interaction between the
heterostructure layers, where atomic disorder in PCM lead to
local variations. Additional calculations for c-GeTe/graphene
show that the graphene band gap is sensitive to the PCM
alignment (on-site vs hollow site; the latter is energetically
more stable) and separation of layers (Figs. S4-S8). The
band gap can be opened even further by compressing the
heterostructure in the perpendicular direction (piezoelectric
effect).

The PDOS of large systems calculated in orthorhombic
cells (Fig. 6) show distinct differences between crystalline
(Fig. 4) and a-GeTe [Fig. 6(a)]. The PDOS of c-GeTe has
sharp peaks, while that of a-GeTe is more uniform. The
corresponding differences in GST-225 are less pronounced
[Figs. 6(b) and 6(c)], and the PDOS are very similar and
resemble that of a-GeTe. The structure of c-GST is less
ordered than in c¢-GeTe, and vacancies in the former result
in disorder (reduced periodic symmetry) and wrong bonds.
Furthermore, the local DOS around the Fermi level of the
crystalline heterostructures evolves significantly as one scans
across the PCM layers, as shown in Fig. 7. In both cases, the
LDOS weight shifts from the valence band to the conduction
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FIG. 6. Projected density of states for (a) a-GeTe sandwich, (b)
¢-GST sandwich, and (c) a-GST sandwich.

band edge once the scan proceeds towards the electron density
accumulating (bottom) side. This provides further evidence
that polarization within the PCM films is the origin of the
graphene band gap opening.

These findings lead us to propose two types of applications
based on PCM-graphene heterostructures. First, one can
envisage a system of stacked PCM cells (Fig. 8), where in-
dividual cells can be manipulated by passing a heating current
laterally through the contact graphene layers (RESET/SET).
The state of the cells (multiple bits) could be read either
optically or via perpendicular current resistivity through the
heterostructure. Second, we suggest an operating principle
for optoelectronic devices where laser irradiation of layers

(2) —————
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FIG. 7. Local density of states around the Fermi level for (a)
c-GeTe and (b) ¢-GST heterostructures.
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FIG. 8. Multilayer system comprising crystalline and amorphous
PCM films. The “state” of the neighboring PCM films determines the
electronic properties of individual graphene layers.

induces phase transitions (amorphous to crystalline or vice
versa) and affects the lateral graphene resistance. Individual
graphene layers could also be engineered by varying the PCM
composition across the stack, which would also affect the
optical properties. Materials along the GeTe-Sb,Tes tie line,
for example, show such variations, and they are used as stacked
multiple recording layers in Blu-ray Discs [56,57].

IV. CONCLUSIONS

DF simulations of PCM-graphene heterostructures have
enabled us to study the consequences of the amorphous-
to-crystalline phase transition in the PCM layers. The film
thicknesses were 16 and 20 A for GeTe and GST, respectively,
and the large simulation samples (lateral dimensions of 25.6 A)
have enabled us to include effects of lateral modulation of the
structure. Such simulations are computationally very challeng-
ing, since they require plausible structural models of amor-
phous PCM with reduced periodicity, while including a large
graphene sheet (216 atoms). The task is even more challenging
when extended to electronic band structure calculations, where
many Kk points are needed (memory requirements) and the
laterally extended system folds the Brillouin zone of graphene
into a very small volume in reciprocal space with numerous
electron bands. We have demonstrated the value of the method
of Shirley [40,41] for carrying out non-self-consistent band
structure calculations for large systems (Fig. 4).

Our initial motivation concerned two points. First, graphene
can be used as a physical barrier and thermal contact
component in PC-RAM and Re-RAM memory cells. Second,
the chalcogenide materials are materials that are used with
graphene for 2D materials engineering. We have carried out
the first DF simulations of heterostructures of graphene and
amorphous chalcogenide layers, as well as the corresponding
crystalline heterostructures. Either component of the het-
erostructure can be used to manipulate the other, which opens
up intriguing opportunities for future applications (Fig. 8).

195443-6



TUNING ELECTRONIC PROPERTIES OF GRAPHENE ...

The structures of PCM thin films are very similar to their
bulk counterparts, with very weak interactions and charge
transfer between PCM thin films and graphene. The crystalline
PCMs exhibit 3+3 atomic coordination (short/long bonds) for
all elements, and the alignment of rocksalt (111) facets with
graphene keeps the three short bonds of the topmost layer
intact. We emphasize that the lattice constants of graphene and
the PCM layer match to within a few percent, which makes
these systems ideal for potential 2D materials engineering. For
amorphous PCM layers, the presence of an inert graphene layer
leads to changes in bond orientations within the uppermost
(lowermost) PCM layer as atoms form bonds in lateral
directions. However, the relatively small changes in average
coordination numbers indicate that the presence of a graphene
interface will not alter significantly the chalcogenide structure
in PC-RAM devices.

Graphene is sensitive to the crystalline state of PCM despite
the weak bonds involved. This is particularly clear for c-GeTe,
where the graphene band gap opens up (seen as separated
Dirac cones in Fig. 5) and renders the system semiconducting.
Further compression of the heterostructure increases the gap
still further. However, the amorphous PCM film causes few
changes in the graphene band structure itself, but shifts the
Fermi level down by —60 meV with respect to the Dirac point,
thereby enhancing the lateral conductivity. Similar Fermi level
shifts are found for GST-225 films, while c-GST/graphene
shows a small opening for the Dirac cones. The inherent disor-
der of the rocksalt phase (Ge/Sb/vacancy occupations of lattice
sites) reduces the contrast with the amorphous GST-225 film.

PHYSICAL REVIEW B 93, 195443 (2016)

Differences in the electronic properties of graphene in these
systems can be traced to charge polarization within the PCM
layer (Fig. 3). Sample preparation would be important, since
the composition has to match with the stoichiometry (e.g.,
50:50 for GeTe) to provide asymmetric crystalline films that
allow polarization. The emerging opportunities based on the
structural sensitivity and electromechanical response upon
compression are not limited to the amorphous-to-crystalline
transition, but also exist for solid-to-solid transitions, such
as recently reported in the context of interfacial PCMs [58]
and topological insulator heterostructures [4]. The ability to
switch the polarization of the chalcogenide layer by changing
the atomic structure is crucial.
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