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ABSTRACT
In this study, we establish an accurate growth diagram—describing the phase, composition, and atomic stacking of Ge-Sb-Te
alloys (GST)—that can be used as a prediction tool for thin film deposition. This framework for epitaxy at the atomic scale
allows for designing tailored crystalline GST phases with precise atomic layer stacking configurations. By leveraging insights into
phase stability, we optimize growth conditions to achieve high-quality, bidimensional GST structures of different compositions
(Ge2Sb2Te5, Ge3Sb2Te6, and Ge1Sb2Te4) and phases (ordered-cubic and trigonal). Moreover, we examine the influence of structural
anisotropies and interface effects on the low-temperature magneto-transport properties. The orientational ordering of the vacancy
layers and their evolution into van der Waals gaps alters the electrical conduction dramatically, plausibly also in the presence of
the topological surface states and their coupling with the bulk states. In addition, we examine the reversible transition between
two stable resistance states in a memory cell for the GST precisely tailored by the growth using Molecular Beam Epitaxy (MBE).
Its textured structure favors low power consumption, making it a promising candidate for phase-change memory technology.

1 Introduction

Research on the topological electronic states realized in topolog-
ical insulators (TIs) is a crucial topic bearing relevant impact for
fundamental physics as well as for potential applications [1–4].
3D TI compounds Sb2Te3 [5–7], Bi2Te3 [7] and Bi2Se3 [7] have
been widely studied both theoretically and experimentally in the
past decade. Moreover, the presence of topological states was also
predicted for GeSbTe alloys (GST) and GST-based superlattices
[8]. These materials are especially interesting, and the influ-
ences of the topological states on their electrical properties are
particularly crucial due to their mature usage for storage appli-

cations [8, 9] and their more recent prospects for neuromorphic
computing [10, 11].

GST alloys present one amorphous (a-) and two crystalline (x-)
phases: a metastable, cubic rocksalt-like (c-GST), and a stable
trigonal one (t-GST). Typically, the alloy contains, depending
on composition, about 25% of intrinsic Ge/Sb-vacancies. The
two x-phases consist of a sequence of Te and Ge/Sb planes
alternately stacked along the [111] crystallographic direction. The
main difference between these two crystalline structures lies in
their configuration of vacancies: In c-GST, they are randomly
distributed in the Ge/Sb cation layers, whereas in t-GST, they

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

Advanced Materials Interfaces, 2026; 13:e00937
https://doi.org/10.1002/admi.202500937

1 of 11

http://www.advmatinterfaces.de
https://doi.org/10.1002/admi.202500937
https://orcid.org/0000-0003-0636-4211
https://orcid.org/0009-0009-2186-9569
https://orcid.org/0000-0002-5008-1617
mailto:vbr@zurich.ibm.com
mailto:prili@roma2.infn.it
mailto:Raffaella.Calarco@artov.imm.cnr.it
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/admi.202500937
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202500937&domain=pdf&date_stamp=2025-11-28


are periodically arranged into pseudo-van der Waals gaps (vdW)
in between two adjacent Te layers [12, 13]. In between the two
x-phases, an intermediate “ordered-cubic” phase can be found,
in which the vacancies gradually increase their ordering into
planes [14–16]. Then, by a global in-plane shift of adjacent GST
building blocks relative to each other, the vacancy layers (VLs)
convert into vdW-like gaps. Recent in situ TEM observations [17]
directly visualized this process, showing that the transition from
the ordered cubic to the trigonal phase proceeds via a shear-
type collapse of the VLs into vdW-like gaps through block shifts
of atomic planes. A large change of the resistance occurs in
association with the ordering process, which is responsible for
themetal-insulator transition (MIT) between the amorphous and
crystalline phase and for the additional decrease of resistance
once the “ordered-cubic” phase transforms into the trigonal one
[18, 19].

It is unclear whether the gradual ordering and/or the in-plane
shifts lead to a transition between topologically distinct phases.
First-principles calculations indicate that crystalline x-GST alloys
exhibit different TI properties depending on their layer stacking
sequence and composition [9, 20, 21]. The first prediction of a TI
phase inGe2Sb2Te5 (GST225)wasmade byKimet al. for the Petrov
[22] stacking, whereas the most energetically favorable structure,
the Kooi and De Hosson (KH) [23] structure, was predicted to
be topologically trivial [20]. Nevertheless, by density functional
theory (DFT), it has been calculated that under small pressure
[24] or strain [25], even the KHphase of GST225 can be a TI. Addi-
tionally, Silkin et al., have calculated the band structure for the
stable t-GST225, showing that TI properties do not depend on the
specific location of the Ge and Sb atoms in the cation sublattice,
but do depend on their relative concentration within the layer
[26]. The precise stoichiometry is thus relevant. Furthermore, in
a theoretical study by Kim et al. [27],. the electronic properties
in c-GST225 were investigated upon introducing different types
of disorder in the cationic sublattice (Ge, Sb migration into
vacancy layers and Ge-Sb exchange). It has been shown that the
TI properties vary with the formation of ordered cationic layers,
which may be linked to the MIT observed in GST as a function of
the annealing temperature [14, 18, 28, 29]. However, excess Ge/Sb
vacancies responsible for self-doping effects were not included
in these models. Furthermore, the MIT was theoretically and
experimentally shown to be of Anderson type and to be driven
by the ordering of the vacancies [14, 18, 28].

To study and experimentally validate the theoretical predictions,
the use of ideally perfect, single-crystalline GST is critical for
observing the TI properties. Conscious of this need, we have
developed the epitaxial growth of GST-based alloys using MBE
[30]. This achievement allowed for the first experimental stud-
ies of the band structure of GeTe [31, 32] and GST [33] by
angle-resolved photoemission spectroscopy. Recent years have
witnessed the increased activity in the epitaxial growth of phase
changematerials [34–37], which results in the superior crystalline
quality manifested as the single vertical epitaxial orientation,
well-defined interfaces, and ordered distribution of vacancies
along the (111) growth direction. In a recent publication, we
have shown that such films have made it possible to directly
correlate the vacancy ordering in the crystalline structure to
the MIT in GST [18, 19]. This result has been obtained by
comparing the electrical and structural properties of GST sam-

ples annealed at different temperatures, therefore exhibiting
different degrees of vacancy ordering. Furthermore, the resis-
tivity window is enlarged by at least one order of magnitude
by employing epitaxially grown GST instead of polycrystalline
GST [18]. This provides intriguing perspectives for the resistive
switching applications, such as the realization of multilevel
memory devices. Additionally, recent studies highlighted that
vacancy ordering has a significant influence on GST optical
properties [38], especially reflectivity, thus opening up the pos-
sibility of employing such engineered structures for optical
applications.

The necessity of designing x-GST by tuning phase, composition,
and vacancy ordering on demand is thus given. In this paper,
we take a step toward this goal by presenting a first-ever phase
diagram for the epitaxial x-GST prepared by MBE. We demon-
strate that the variety in the GST compositions and phases can
be distinguished from each other using the transport properties.
We discuss how the surface, bulk, and interface states affect
the transport at low temperatures. Furthermore, a fundamental
change is found to occur in the quantum transport during the
transition between the cubic and trigonal phases. To be specific,
the transport in the t-phase is found to be highly unusual. Finally,
we evaluate the potential of epitaxial GST for memory devices.

2 Results and Discussion

The epitaxial growth of GST alloys is challenging due to the
complex interplay between composition, phase, and ordering [18].
Controlling these three properties is essential to obtain amaterial
with well-defined physical properties. In our previous study [16],
we combined Raman spectroscopy and X-ray diffraction (XRD) to
systematically investigate the impact of growth temperature and
Ge:Sb:Te flux ratio on the phase and composition of epitaxial GST
films. This cross-correlation analysis allowed us to establish the
link between growth parameters, crystalline phase, and composi-
tion. Based on these results, in Figure 1a, we present a growth
diagram used to select the right growth conditions to deposit
GST alloys with tailored properties. In the diagram, the Te flux
(ΦTe) is plotted as a function of the substrate temperature (Tsub).
All sample growths are performed under comparable Ge and Sb
fluxes (ΦGe = 0.055 nm/min, ΦSb = 0.193 nm/min). The details
of the structural characterization leading to the identification of
each phase reported in the diagram are thoroughly discussed in
ref [16], although alternative valuable approaches can be found in
the literature [39].

The samples are distinguished by x-phase (cubic, trigonal, and
mixed) and composition. Squares are associated with samples
in the c-phase, circles with the t-phase, and mixed samples are
represented by both symbols. Dashed and dot-dashed lines (mere
guides for the eye) delimit the different phase regions. Threemain
regions can be identified depending on the composition GST124,
225, and 326 (labeled in blue, orange, and violet, respectively). The
whole delimited 225 region is colored in orange to help the reader.
Samples with mixed composition (denoted by two colors on the
respective symbol) are also obtained and are positioned on the
boundaries of the colored regions in Figure 1a; these boundary
regions are not sharp.
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FIGURE 1 (a) Growth diagram for GST displaying crystalline phases and compositions upon ΦTe and Tsub variation. Square symbols stand for c-
and circles for t-phase, while mixed phases are represented by both symbols. Dashed and dot-dashed lines are drawn as a guide for the eye to delimit the
different phase regions. GST124, 225, and 326 are distinguished by labels in three colors, blue, orange, and violet, respectively. The whole delimited 225
region is colored in orange to help the reader. On the top part of the diagram, the effective deposited GST material is given in percentage with respect to
the nominal thickness. (b), (c) and (d)HAADFSTEMmicrographs ofGST samples inmixed trigonal/ordered cubicGST124, trigonal GST225, and ordered
cubic GST225 phases, respectively. Samples are oriented along the [1–10] zone axis (Z.A.) for the cubic/rocksalt phase and along the [11–20] Z.A. for the
trigonal phase (hexagonal notation). For each sample, the corresponding crystal structure schematic is presented and overlapped with its micrograph
(green, orange, and blue circles for Ge, Sb, and Te, respectively). In (b), a line intensity profile along the vertical axis is also shown, highlighting a vacancy
gap of 2.9 and 3.5 Å for trigonal and ordered cubic phases, respectively. In (d), the crystalline GST is obtained by annealing a-GST.

In Figure 1a, the ordering of vacancies improves for increasing
ΦTe, as evidenced by the transition from c- to t-GST, within a
large range of Tsub between 180 and 250◦C. Similarly, at constant
ΦTe, the phase evolves from c-GST to t-GST for decreasing Tsub.
At lower Tsub, more Te sticks on the sample surface and it is
thus incorporated more efficiently. The same argument holds for
increasing ΦTe at fixed Tsub. At lower ΦTe, ordering of the samples
is more difficult, e.g., if ΦTe < 0.20 nm/min, only c- or mixed
phases are obtained, and at ΦTe ∼0.25 nm/min, there is a very
large growth window in which only mixed phases can be grown.
For ΦTe ∼0.25 nm/min, the stable t-phase is obtained only if Tsub is
lower than about 175◦C. Such results point out that the amount of
ΦTe regulates the kinetics of ordering during the growth [16]. The
deficit of Te prevents the ordering in the epitaxial film,making the
c-phase more likely to appear. The 225 composition is recognized
to be the most favorable one for GST, followed by the 124 and
326 compositions. GST225 is mostly obtained in the c- or mixed
x-phase, whereas GST124 forms the t-phase.

Interestingly, the annealing of a-GST225 [19] samples leads to
mixed x-phases with different compositions. This is in agreement
with literature results obtained for the polycrystalline GST [23],
where the segregation of GST124 from GST225 was proposed
to occur to lower the total energy by the transition to the t-
phase. Therefore, GST124 is indicated to be the most stable
composition in the t-phase regardless of the preparation method.
This can be intuitively understood considering that GST alloys
lie on the pseudobinary line connecting GeTe and Sb2Te3; these
binary compounds present no vdW gaps (GeTe) or the most
ordered alternation of vdW gaps (Sb2Te3), and GST124 is the most
Sb2Te3-rich composition among the three shown in Figure 1.

In summary, we observe that, for epitaxial growth, the preferred
interfacial stacking of GST is related to the imposed stoichiom-

etry, independently of temperature. The three stoichiometries
GST124, GST225, and GST326 correspond to a transition from
trigonal to ordered-cubic ground state.

Local structural analysis on these x-GST samples was per-
formed by Scanning Transmission Electron Microscopy (STEM)
in High-Angle Annular Dark Field (HAADF) mode. Figure 1b,c
correspond to the mixed trigonal/ordered cubic GST124 and the
trigonal GST225, respectively. The samples are oriented along the
[1–10] zone axis (Z.A.) in the case of the cubic/rocksalt phase and
along the [11–20] Z.A. for the case of the trigonal phase (hexagonal
notation).

As shown by the corresponding crystal structure schematic,
depending on sample preparation, both trigonal and ordered
cubic phases can be present, even in adjacent regions of the
same sample. The line intensity profiles in Figure 1b show that
the distance between the Te-Te planes at the van der Waals
gap/VL is 2.9 and 3.5 Å for the trigonal and ordered cubic phases,
respectively. This confirms that the different GST phases are
characterized not only by the different structural ordering of the
Ge/Sb-Te layers, but also by the change in the gap size. An ordered
cubic phase has also been obtained during annealing of a-GST, as
shown in Figure 1d.

We have investigated the influence of the composition and the
crystalline structure of GST on the quantum transport properties.
The presence of the topological surface states and their role in
the electrical conduction can be examined in the low-temperature
transport properties by analyzing the quantum effects. Figure 2
shows the change of the sheet conductivity σxx of GST films
induced by a magnetic field at a temperature of 4.2 K. Here, the
two samples in the c-phase with ordered vacancies are of the 225
and 326 compositions, and the other two samples in the t-phase
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FIGURE 2 (a) Sheet conductivity σxx with perpendicular magnetic field B. The curves were obtained for c-GST225, c-GST326, t-GST225, and t-
GST124 at a temperature of 4.2 K. The experimental data are plotted with circles, and the black lines show the result of the fitting using Equation (1). The
result of the fits for all four samples is reported in Table 1. (b) Atomic arrangement of ordered c-GST225 in a layered configuration. The yellow planes
located at the VLs highlight the conductive anisotropic channels at the interfaces. The green planes at the top and bottom of the structure represent TI
surfaces with surface conduction channels, with red and blue arrows showing the movement of charge carriers.

TABLE 1 Sheet hole concentration (psheet), sheet conductivity (σxx), 3D hole concentration (p3D), thickness (t), resistivity (ρ), mobility (µ), α
parameter, phase coherence length (Lɸ), phase coherence time (τɸ), Nyquist time (τN), and τɸ/τN ratio as obtained frommagneto transportmeasurement
at 4.2 K for four GST samples with different composition and order degree.

Samples
psheet
(m−2) σxx (mS)

p3D
(m−3)

t
(nm) ρ (Ω m)

µ
(m2/Vs) α

Lɸ
(nm)

τɸ
(ps)

τN
(ps] τɸ/τN

t-GST124 5.3⋅1019 19.6 5.3⋅1026 100 5.2⋅10−6 2.3⋅10−3
−0.430

57 8.9 170 0.053

t-GST225 4.2⋅1019 18.5 4.2⋅1026 100 5.4⋅10−6 2.7⋅10−3
−0.450

56 8.5 160 0.054

c-
GST326

4.7⋅1019 2.8 1.0⋅1027 46 1.6 ⋅10−5 3.8⋅10−4
−0.485

61 40 37 1.08

c-GST225 2.9⋅1019 1.2 9.7⋅1026 30 2.5⋅10−5 2.6⋅10−4
−0.500

59 56 21 2.74

are of the 225 and 124 compositions. The thickness t of the films
is provided in Table 1. The electrical conduction in the substrates
can be ignored as the GST films were grown on undoped Si. The
magnetic field Bwas applied perpendicular to the films. The films
exhibited the negative magnetoconductivity resulting from the
quantum interference effect at low temperatures [40]. Due to the
large atomic numbers for Sb and Te, the spin-orbit coupling is
strong in GST. The quantum interference thus gives rise to the
weak antilocalization (WAL) effect. We have fitted the change of
the conductivity ∆σxx in the experimental data, which are shown

by the circles, using a 2D WAL theory, as shown by the black
curves. The fitting was carried out using the following equation
from ref. [41]

Δ𝜎𝑥𝑥 (𝐵) = 𝛼
𝑒2

𝜋ℎ

[
𝑙𝑛

(
𝑙2𝐵

4𝐿2
𝜙

)
− Ψ

(
1

2
+

𝑙2𝐵

4𝐿2
𝜙

)]
(1)

where Ψ(x) is the digamma function, Lϕ is the phase coherence

length and 𝑙𝐵 =
√

ℏ

𝑒𝐵
is the magnetic length. The values of Lϕ
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obtained by the fitting are shown in Table 1. The use of the 2D
theory is justified as Lϕ is longer than, or at least comparable
to, the film thickness. The WAL correction to the conductivity
is described by Equation (1) for the 2D conduction, both in the
bulk states of the films and in the topological surface states. The
parameter α counts the number of independently conducting
channels and thus provides information on whether the surface
state of TI is present in addition to the bulk state. Only the bulk
state contributes to the conduction for conventional conductors,
giving rise to 𝛼 = 1

2
. For the topological states, on the other hand,

α = 1 is expected as two surface states are present with one state
at each side of the layer.

Here, complications arise when the Fermi level is displaced from
the Dirac point of the TI surface states to the conduction or
valence band of the bulk states by carrier doping. Although
the topological protection for TIs prevents the direct scattering
between the two surface states, the scattering is not forbidden
between the surface and bulk states. Holes can be scattered
between the surface states through the bulk state in the circum-
stance that the bulk state is additionally occupied [42]. Changes
in the value of α, therefore, reflect the degree of the surface-bulk
mixing in the layer. In the limit of the strong mixing, 𝛼 = 1

2
is

realized as the whole system acts as a single conduction channel,
resembling the non-TI conductors.

Experimentally, 𝛼 ∼ 1

2
was found for all four types of samples in

Figure 2a, see Table 1. It is noted, first of all, that there is a study
[43] in which the part of the TI layer interfaced to the substrate
was reported to be strongly disordered to the extent of causing
the destruction of the surface state for the bottom side of the
layer. This possibility can be ruled out as the epitaxially grown
GST layers show an outstanding degree of structural quality, both
in terms of the crystallinity and the sharpness of the interface
with the substrate. Furthermore, the bulk subbands for ultrathin
films may produce a weak-localization-like effect, compensating
partly for the WAL effect, with the consequence of reducing the
value of α. Such a subband effect, however, can be ignored for the
thickness of our GST layers.

In Table 1 the sheet hole concentration psheet, holes 3D concentra-
tion p3D, electrical resistivity ρ, and mobility μ obtained by Hall
measurements using the van-der-Pauw method are summarized.
The measurements were carried out at a temperature of 4.2 K.
The phonon scattering is negligible at low temperature, and so
the mobility was set primarily by the disorder in the layers. The
carrier concentrations of the four samples are comparable to
be on the order of 1026 m−3. Such relatively large values stem
from well-known self-doping effects due to non-stoichiometric
vacancies and other extrinsic defects. The mobility for the t-GST
samples was one order of magnitude higher than that of the c-
GST samples, suggesting better crystalline order for the t phase
than that for the c phase.

Though for all samples we obtain a value of α = ½, indicating the
possible presence of delocalized bulk states leading to a single TI
state, at the same time we observe a clear difference in mobility
between c- and t-samples, which could be attributed to the degree
of order in the samples.

It has been shown [14] that the resistivity of epitaxially grown
c-GST behaves exactly like in multi-grain t-samples in terms of
resistivity, slope, and values, suggesting the presence of similar
boundaries, which are in our case due to degenerate VLs [15, 18,
43].

Based on the experimental studies [18, 44] and the theoreti-
cal prediction [14], the observed abrupt drop of the resistivity
between c- and t-samples is attributed to the reconfiguration of
degenerate VLs into pseudo-vdW layers. The limited conduction
in c-GST is likelymore isotropic due to the presence of degenerate
vacancy planes. In fact, within a dedicated transmission electron
microscopy-based study, it has been demonstrated that, due to
symmetry reasons, c-GST presents degenerate vacancy planes
along all the equivalent {111} family of planes, as opposed to
the t-phase, which only admits vacancy planes oriented in the
[0001] direction [44]. Hence, the formation of vacancy planes
in all equivalent {111} planes is predicted to make the con-
ductivity increasingly isotropic (c-deg-GST). Conversely, upon
further vacancy ordering, the conduction gradually becomes
more anisotropic-like as the vacancies reorganize in VLs ordered
only along the [111] direction, thus forming unidirectionally
ordered cubic-GST (c-uni-GST). Eventually, upon transition of
the c-uni-GST into the t-phase, the alloy evolves into the most
metallic and anisotropic phase. For the isotropic conduction in c-
deg-GST, the rate of the scattering events is likely to be high for
the conduction holes due to the less regularity in the ordering of
the vacancy planes. In addition, there is no propagation direction
in which the holes do not have to encounter the vacancy planes.

Thus, the isotropic-like conduction in c-deg-GST may lead to a
high rate of scattering events between bulk and surface states,
unlike the anisotropic-dominated conduction in t-GST, where
surface and bulk channels are more decoupled. The mobility for
the t-phase is indeed one order of magnitude higher than that
for the c-phase in Table 1, which also suggests that anisotropic
processes contribute to the conduction in t-GST. These experi-
mental findings would call for accurate simulations to determine
the impact of the stacking order, Ge/Sb mixing, and excess
vacancies on the transport properties; therefore, this must be
clarified. At the same time, this behavior is consistent with earlier
reports on GST transport properties, where a decrease in carrier
mobility with increasing hole concentration was attributed to
enhanced scattering processes [45, 46]. Together with Anderson
localization effects promoted by structural disorder in cubic
GST, such scattering mechanisms could explain the reduced
mobility observed in our GST films.We summarize three possible
scenarios for the ordering in the GST layer in Table 2.

The change in the electronic scattering between the c- and t-GSTs
manifested as the mobility difference seems to be relevant also
for the quantum transport properties in theWAL effect. Although
the values of Lϕ are fairly similar among the four GST films, this
is actually unexpected as ∆σxx is substantially different between
the c- and t-GST films. In order to compare the experimental
values with theoretical predictions, we have calculated the phase

coherence time as 𝜏𝜙 =
𝐿2
𝜙

𝐷
, where D is the diffusion constant. In

obtaining the values shown in Table 1, the effective mass of the
holes was assumed to be the free electron mass in the calculation
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TABLE 2 Systematic depiction of transport-relevant structural properties.

Isotropic/Anisotropic
Effects

Systems / Samples

c-deg-GST c-uni-GST t-GST

Atomic structure VLs in equivalent {111}
family planes

VLs only along the [111]
direction

vdW layers only along the
[111] direction

of D. The phase breaking in the 2D electron-electron scattering is
expected to be given by the Nyquist dephasing rate from ref [47]

𝜏−1𝑁 = 𝑘𝐵𝑇
𝑒2𝜌𝑠
2𝜋ℏ2

ln

(
𝜋ℏ

𝑒2𝜌𝑠

)
(2)

As one finds in the ratio τϕ/τN in Table 1, the dephasing in the
c-GST films is governed by the Nyquist scattering process, as
expected. In contrast, a significant discrepancy is found between
the experiment and theory for the t-GST films. The origin of
the disagreement is unclear at present. We point out that the
possibility that the topological surface states have influenced the
dephasing in an unusual manner for the t-GST films cannot be
ruled out.

Additionally, to ascertain and validate the presence of the {111}
family of planes in c-GST, we successfully induced the formation
of an ordered c-phase through thermal annealing, with vacancy
layers aligned along the <111> directions.

Figure 3 reports the structural arrangement for the ordered cubic
phase obtained by annealing at 170◦C. Initially, the material was
deposited on Sb-passivated Si(111) in the amorphous state. Upon
annealing, the crystallization from the amorphous phase began
at the interface to the substrate, leading to the formation of
polycrystalline GST with VLs developing in the <111> directions.
The three stages in the progress of the crystallization from the as-
deposited amorphous state to the fully crystallized polycrystalline
GST phase are illustrated in Figure 3a. Figure 3b provides an
atomic representation of the disordered rocksalt GST structure,
depicting its cubic arrangement with a focus on the <111>
orientation containing 4 different equivalent {111} planes inwhich
vacancies can be ordered. The elements Ge, Sb, and Te are color-
coded in green, orange, and blue, respectively, showing their
spatial arrangement within the lattice.

Experimentally, the maximum number of these planes that can
be present in the same micrograph is two, clearly depending on
the Z.A. In Figure 3c, indeed, two <111> directions (i.e., [111] and
[-111]) are visible and VLs along the corresponding {111} planes
are observed and highlighted with dashed red and purple lines.
The presence of well-defined crystalline planes aligns with the
schematic description, reinforcing the understanding of GST’s
crystallization behavior and orientation preference.

Our ordered structures closely resemble PCM superlattices [48–
50] and t-GST [51, 52]. By leveraging the phase diagram shown
in Figure 1a, we selected c-uni Ge3Sb2Te6 as the active layer for
memory devices, which were fabricated using MBE. This specific
composition was chosen to enable a meaningful comparison
with the electrical characterization reported in Ref [53], where a
polycrystalline Ge3Sb2Te6 was used in the memory cell.

The deposition of the chalcogenide film was carried out on a
dedicated vehicle (illustrated in Figure 4a) that featured metal
plugs with a contact area of 50×50 nm2. Special care was taken
to have the surface of this vehicle composed solely of amorphous
materials. No external interference took place in the formation of
the crystalline structure during the deposition process.

Prior to deposition, the substrates underwent thorough chemical
cleaning to remove any contaminants. The substrates were then
loaded into the load-lock chamber of theMBE system,where they
were heated to 150◦C for 30 min to outgas any residual molecules
or contaminants from the surface. Following this initial cleaning,
the substrates were transferred to a second chamber, where a
further out-gassing was performed at 350◦C for an additional 30
min. This dual out-gassing process ensured that the substrates
were best prepared and free of most impurities that could affect
the quality of the GST film. The substrates were then finally
transferred to the deposition chamber, which was maintained
with a base pressure of 2 × 10−10 mbar. Unlike the films grown
on Sb passivated reconstructed Si, the surface of the test vehicle
does not present a surface that would allow the ordered growth
of GST. Therefore, to obtain a textured film, we employed a well-
known “two-step approach” [37, 54, 55]: before GST deposition,
a 5 nm Sb2Te3 buffer layer was deposited at 50◦C, i.e., below
its crystallization temperature, resulting in an amorphous film.
During subsequent heating to 250◦C, the substrate was exposed
to a Te flux to prevent Sb2Te3desorption. The Sb2Te3 layer
crystallized at around 70◦C, thereby providing a suitable template
for the textured growth of GST at 250◦C.

For the structural characterization of the deposited films, in
situ Reflection High-Energy Electron Diffraction (RHEED) was
employed. The RHEED pattern, captured after the deposition
of the GST layer, is shown in Figure 4a. The pattern revealed
sharp and distinct diffraction streaks, which are the hallmark of
a high degree of in-plane ordering and crystallographic texture
in the GST films. The presence of small, superimposed spots in
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FIGURE 3 (a) Schematic of polycrystalline growth of GST, obtained by depositing and annealing an amorphous sample on Sb-passivated Si(111),
showing structural evolution upon annealing at 170◦C, leading to polycrystalline GST with vacancies ordered in layers (VLs) or vertical lamellae aligned
in the [111] directions. (b) ball-and-stick model of the rocksalt GST lattice with Ge (green), Sb (orange), and Te (blue) atoms, highlighting the 4 possible
{111} planes in which vacancies can accumulate to form VLs. (c) HAADF STEMmicrograph of the polycrystalline GST sample, grown as specified in (a)
and oriented along the cubic [1–10] Z.A. In this orientation, two [111] directions are visible and VLs along the corresponding {111} planes are observed
(overlaid orange and purple dashed lines).

the pattern indicates localized scattering from nano-scale surface
protrusions, which is consistent with a textured crystalline film
that also exhibits a limited degree of nanoscale roughness. The
stability of the RHEED pattern further underscores that the
ordering is not transient but intrinsic to the film. Taken together,
these observations confirm that our growth diagram is effective
in guiding the reproducible growth of ordered GST films, even
on amorphous substrates where achieving such texturing is
non-trivial.

The electrical characterization of the memory devices was con-
ducted through current–voltage (I–V) measurements for both tex-
tured and polycrystallineGST-based cells, as shown in Figure 4b.
For a device initially in the high resistive state (amorphous GST),
voltage pulseswere appliedwhilemeasuring the induced current.
The magnitude of the applied voltage was increased stepwise,
as shown in Figure 4b, providing the characteristic I–V curve
associated to the crystallization of GST, leading the cell into the
low resistive state. The curve displays the expected threshold
voltage switching behavior, with a voltage slightly above 1 V,
whichwasmarginally higher than the switching voltage observed
in polycrystalline GST.

To further investigate the performance of MBE-grown GST,
Resistance-Current (R-I) measurements were conducted during
the transition from the low resistive state (filled symbols) to the
high resistive state (empty symbols) [Figure 4c]. Both curves
showed a change in resistivity by several orders of magnitude
as a consequence of the programming procedure. In comparison
to devices based on untextured polycrystalline GST, the power
consumption during the transition was lower for devices fab-
ricated with textured GST, highlighting the better performance

for the latter. The lower Ireset observed in highly-textured GST is
likely attributed to the presence of VL/vdW gaps, which enhance
thermal confinement within the active material [50, 56].

3 Conclusions

The growth of GST alloys is a complex process governed by the
interplay of composition, phase, and ordering. By systematically
varying ΦTe and Tsub, we have mapped out a growth diagram
that highlights the conditions required to achieve specific GST
compositions and phases. Our findings demonstrate that increas-
ing ΦTe or decreasing Tsub enhances ordering, favoring the
transition from c- to t- GST. The stabilization of specific phases
depends on Te incorporation in the films, with GST225 emerging
as the most favorable composition, followed by GST124 and
GST326. Local structural analysis using STEM-HAADF confirms
that different GST phases exhibit distinct atomic arrangements
and Te-Te plane distances, reinforcing the role of vdW gaps in
determining structural stability. Furthermore, the observation of
ordered c-phases during annealing suggests a possible transition
pathway from amorphous GST. These insights provide a deeper
understanding of the growth mechanisms governing GST alloys
and serve as a valuable guide for tailoring material properties for
phase-change memory and other applications.

Our investigation into the impact of composition and structure
on the transport properties of GST alloys reveals key distinctions
between c- and t-phase samples. Some GST alloys have been
predicted to be TIs, and so a surface conducting state is expected
to be present, plausibly affecting the resistance of the phase
change states when the size of the memory cells is reduced to
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FIGURE 4 (a) Schematic of the experimental setup depicting the RHEED electron beam interacting with the GST layer within a device stack
composed of electrodes, an insulator, and a heater. RHEED pattern taken after the deposition of the ordered crystalline GST (c-GST) layer. Please note
that the top electrode was deposited after RHEED imaging. (b) Current-voltage of textured GST (triangles) and poly-untextured GST (circles) [53].
(c) Resistance as a function of increasing programming current starting from the low resistance to high resistance state of textured GST as compared to
poly-untextured GST.

nanometer scales. The quantum interference effect manifested as
WAL indicates that the surface state is strongly coupled with the
bulk state, or the role of the surface state is insignificant in com-
parison to that of the bulk state, due to the metallic conduction of
the GST alloys. However, the marked differences in mobility and
sheet resistance between c- and t-GST underscore the influence
of vacancy ordering and structural anisotropy on transport mech-
anisms. The observed resistivity drop between c- and t-samples
is attributed to the transformation of degenerate VLs into vdW
layers, leading to a shift from isotropic to anisotropic conduction.
This reconfiguration reduces bulk-surface scattering in t-GST,
resulting in enhanced mobility. The findings emphasize the role
of vacancy ordering in tuning transport properties and suggest
that band structure modifications, including possible topological
effects, warrant further theoretical investigation.

Through electrical characterization, we show that texturedMBE-
grown GST films exhibit stable and reversible switching between
amorphous and crystalline states. Importantly, resistance-current
(R-I) measurements reveal a reduction in Ireset during the phase
transition. These results provide evidence that MBE-grown
ordered GST could improve device energy efficiency.

4 Methods

4.1 Thin Film Growth

The GST reported in the phase diagram, as well as those
for magneto transport measurements, were grown by MBE
on Sb-passivated Si(111)-(7 × 7) surface (i.e., Si(111)-(Si(111)-
(√3 ×√3)R30◦-Sb). Details on the substrate preparation for
obtaining such passivation can be found elsewhere [34]. All
sample growths are performed under comparable Ge and Sb
fluxes (ΦGe = 0.055 nm/min, ΦSb = 0.193 nm/min) and
increasing Te flux and/or growth temperature. These fluxes, as
well as those in our growth diagram, are reported in terms
of effective deposition rate, as measured at the growth posi-
tion, to quantify and compare fluxes across different MBE
systems. The base pressure of the growth chamber was as
low as 2 × 10−10 mbar. Further details on growth, XRD,
and Raman characterization can be found at ref [16]. As for
the notation of crystallographic planes, directions, and zone
axes: for the cubic phase, we use the standard cubic nota-
tion, whereas for the trigonal phase, we adopt the hexagonal
indexation.
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Concerning the growth of GST films for device characterization,
the deposition was carried out on a dedicated vehicle charac-
terized by metal plugs with a contact area of 50 × 50 nm2.
Prior to deposition, the chip was heated to 150◦C for 30 min to
outgas any residual molecules or contaminants from the surface
and then transferred to a second chamber, where a further out-
gassing was performed at 350◦C for 30 more minutes. Finally, the
substrates were transferred to the deposition chamber. Here, an
amorphous 5 nm Sb2Te3 buffer layer was first deposited at 50◦C.
Subsequently, the substrate was heated to 250◦C (heating rate =
0.3◦C/min), under Te flux to prevent Sb2Te3 desorption, triggering
the crystallization of such a layer, thus providing a suitable
template for the textured growth of GST [57]. The deposition of
GST occurred at 250◦C.

4.2 Magneto Transport Measurements

The van-der-Pauw method was used for the transport charac-
terization of the films in obtaining the electrical resistivity and
the hole concentration. Patterning the films to Hall bars was
intentionally avoided to prevent surface contamination in the
processing. The nearly square-shaped pieces of the samples had
a size of several millimeters. The ohmic contacts were prepared
at the four corners of the sample pieces by the deposition
of an Au layer. The magneto transport measurements were
carried out at a temperature of 4K using an “attocube systems
AG” combined with a liquid helium-based bath cryostat with a
superconductingmagnet “attoLIQUID 1000”. For theWAL effect,
the longitudinal conductivity was calculated at zero magnetic
field. The conductivity in the presence of the magnetic field was
estimated by measuring one four-terminal resistance in the van-
der-Pauw configuration, assuming that the ratio between the two
van-der-Pauw resistances did not change with the magnetic field.

4.3 Scanning Transmission ElectronMicroscopy

Local sample structurewas investigated by scanning transmission
electron microscopy (STEM). The analyses were performed by
using a JEOL ARM200F Cs-corrected microscope, equipped with
a cold-field emission gun and operating at 200 keV. Micrographs
were acquired in Z-contrast mode by high-angle annular dark
field (HAADF).

4.4 Memory Devices Electrical Characterization

Electrical characterization was carried out using an Agilent 81110
pulse generator to apply fast programming pulses to the cell,
while a Le Croy 9350A oscilloscope recorded the voltage drop
across the device. The programmed-state readout in the DC
regime was performed with a Keithley 236 parameter analyzer
through an automatically switched AC/DC circuit. More details
on electrical characterization can be found in ref [49, 53].
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