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1. Introduction

Phase change materials (PCMs) used in electronic data storage
form a class of solids, which employ a fast and reversible
switching between a metastable amorphous (RESET) and a stable
crystalline (SET) state. To select a suitable compound for such
applications, a number of prerequisites have to be fulfilled.

Switching between the phases is realized
by applying heat pulses to the system,
either through local heaters, laser irradia-
tion, or Joule heating through the device.
The desire to have films, which can crystal-
lize fast and reliably, but still have a high
stability of the amorphous state defines
the first set of requirements for the design
of functional materials.[1] Furthermore, the
reduction of energy consumption of the
RESET process, i.e., melting and subse-
quent quenching of the active area is highly
desirable. As the different phases need to
be read out reliably, the change in the phase
should be linked to a pronounced change
in easily accessible properties, such as
reflectance or conductance of the samples.
All these requirements are met by a sub-
group of chalcogenides, including GeTe,
Sb2Te3, and GeSbTe(GST) compounds,
predominantly those located on the pseudo
binary line between GeTe and Sb2Te3.

[2]

Their properties in the amorphous state
are similar to ordinary covalent semicon-
ductors such as GaAs or GeSe.[3] In the
crystalline phase, however, the optical
reflectivity and the electronic conductivity

are much higher due to a network of overlapping p-orbitals.[4]

This unique pattern has been coined metavalent bonding
(MVB) to distinguish it from metallic, ionic, and ordinary cova-
lent bonding.[5] It is defined by the competition between electron
delocalization as in metallic bonding and electron localization as
in covalent and ionic bonding.[6] It is thus expected that the prop-
erties of solids with MVB will change in reduced dimensions
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A number of chalcogenides show a remarkable portfolio of properties, which
enables a plethora of applications including thermoelectric power generation and
phase change material (PCM)-based information storage. PCMs exhibit fast and
reversible switching between two (typically, amorphous and crystalline) states,
characterized by different optical and electrical properties. In the last decade,
textured chalcogenide thin films have been investigated to develop a better
understanding of structure – property relationships, improve material perfor-
mance and understand how these properties change upon reducing film
thickness. In this review, the present knowledge concerning the textured growth
is summarized, focusing on films of GeTe, Sb2Te3, and GeSbTe compounds. In
particular, the impact of different deposition methods, substrate surface modi-
fications, and methods to influence film formation is reviewed. In the second part
of this review, confinement effects are discussed. Surprisingly pronounced
changes in atomic arrangement, that affect film properties, and device perfor-
mance are presented. These changes are attributed to the unconventional
bonding mechanism in these chalcogenides coined metavalent bonding, which is
trongly affected by the confinement. Bonding becomes covalent-like in the
two-dimensional limit, whereas Metavalent Bonding emerges for thicker films,
where electron delocalization is increased This explains the pronounced property
changes with film thickness.
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such as thin films or small clusters.[7] To understand the nature
and extent of the property contrast between crystalline and amor-
phous films, it is crucial to study trends in the crystalline state of
phase change materials, to understand the limits of their benefi-
cial bonding. This should be performed in thin films and ideally
at the nanoscale to stay as close as possible to the application in
highly scaled device structures, while still giving enough insight
into the material properties to understand the processes
involved. Commonly, thin films used to study the phase change
are randomly oriented polycrystalline films. They are frequently
produced by sputtering at room temperature on an amorphous
SiOx surface and subsequent annealing. If such films are scaled
down, the orientation distribution of grains within the film
becomes more discrete and stochastic.

As most mono- and sesqui-chalcogenides show either a Peierls
distortion (PD), and/or form layered structures with van derWaals
like gaps in their crystal structure, the film properties often show
some degree of anisotropy. The impact of this anisotropy on the
film properties will also depend upon the degree of texture in the
film. In addition, the effect of grain boundaries on these properties
is different for high-angle, low-angle and twin boundaries.[8–10]

The resulting stochasticity complicates the analysis of the under-
lying material properties for such thin films. Instead, producing
textured films with well-defined crystallographic directions and
thicknesses can overcome this issue.

Since all grains are similarly oriented, the entire film will
contribute to structural information obtained in the intensity
of a single diffraction peak in, for example, X-ray diffraction
(XRD).[6,11,12] Using textured films can also lead to better perfor-
mance in applications. Templated growth from amorphized
materials either on seeds[13] or inside an epitaxially grown
matrix[14] shows less crystallization stochasticity and higher crys-
tal growth velocities, compared to (re)crystallization in randomly
oriented polycrystalline materials. Since the prime goal is work-
ing with highly scaled devices, also more sophisticated growth
methods than room temperature (RT) sputtering become feasi-
ble. These techniques benefit from pre-patterning of the sub-
strate, either through selective area epitaxy[15,16] or deposition
methods such as atomic layer deposition (ALD) which provide
high conformity even on side walls of pre-patterned surfaces.[17]

Having a well-defined textured thin film is the prerequisite of
studying how material properties and device behavior is affected
by confinement. Therefore, the article is separated into two parts:
Part 1 deals with different options to grow thin chalcogenide films
with vapor depositionmethods. This review includes the growth of
(fiber and biaxially) textured films of chalcogenides. The range of
substrates considered includes both single crystals and amor-
phous substrates. Finally, the (re)crystallization in textured sam-
ples is discussed. Subsequently, Part 2 deals with the effect of
confinement on the structure and properties in ultrathin films.
In contrast to the review given in ref. [7], the focus is on confine-
ment effects for the crystalline state, with a brief summary of
recent developments in PCM devices based on ultrathin films.

2. Growth of Textured Chalcogenides

Over the course of the last years, textured thin films of chalco-
genide have been grown with a plethora of physical and chemical

deposition methods. For physical vapor deposition, especially
molecular beam epitaxy (MBE)[14,18–34] and pulsed laser deposi-
tion (PLD)[35–39] have enabled the growth of high-quality epitaxial
films. These techniques can be combined with reflection high
energy electron diffraction (RHEED) to monitor the film growth
during deposition. Sputtering, being the workhorse of deposition
techniques for dense amorphous/polycrystalline chalcogenide
films at room temperature is usually seen as inferior regarding
grain sizes and epitaxial alignment compared to the former two.
Yet, it is more relevant for industrial applications. Nevertheless,
given the right deposition conditions at elevated temperatures
(about 200–300 °C), it is possible to grow high-quality textured
films even with sputter deposition.[40,41] The growth with chemi-
cal vapor deposition (CVD), in the form of metal organic vapor
phase epitaxy (MOVPE) and metal organic chemical vapor depo-
sition (MOCVD), as well as atomic layer deposition (ALD) has
been studied, too. With the former, a large lateral uniformity
and grain sizes above 10 μm are possible,[27] while the latter
recently showed device integration in crossbar structures due
to the highly conformal growth even on sidewalls.[17] More details
on the physical and/or chemical background of the different
deposition methods can be found in the reviews of Boschker
et al.[42] (PVD), Hartdegen et al.[43] (MOVPE) and Lee et al.[44]

(ALD). For all deposition processes employed to form epitaxial
films, the growth is improved at elevated temperatures and
low growth rates of a few pm per second. The upper limit of
the deposition temperature is given by the desorption of
Tellurium. If the growth is performed just below this threshold,
even sputtered films can show high degrees of texture, although
there are still differences in film quality regarding grain size, tilt
and twist of the crystallites. As all of the deposition methods used
show similar film substrate interactions, the options for different
substrates and terminations can be discussed together for all
deposition methods covered.

2.1. Choice of the Substrate

Due to the need to adapt to semiconductor technology processes,
the substrate choice is limited to CMOS-compatible substrates
such as Si and SiOx. In addition, Muscovite MICA and graphene
have been explored by several groups as a reference for van der
Waals epitaxial growth. Al2O3 substrates are CMOS compatible
too, but their low surface energy can cause wetting problems.
First, the growth on crystalline Silicon substrates is covered:
Despite the large lattice mismatch of Silicon (closest atomic spac-
ing on (100) and (111) planes; 3.84 A[45]) and chalcogenides (i.e.,
GeTe 4.17 Å[46] and Sb2Te3 4.27 Å), GST compounds can grow
quite well, especially if the surface is passivated and Van-der
Waals like epitaxy is possible. The layered structure of the
V2–VI3 and IV–V–VI compounds further enables high-quality
(biaxially) textured growth. The simplest epitaxial surface for
the growth on Silicon is H:Si(111), as achieved by chemical
wet etching. Heating the substrate well above 700 °C will result
in the formation of a 7� 7 reconstructed surface, where the three
top layers are reconstructed to reduce the number of dangling
bonds on the surface. By depositing Sb or Bi during the cooling
process, a

p
3�p

3 surface can be achieved, where the dangling
bonds are passivated by adatoms of Sb or Bi, respectively.
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Depending on the temperature, also other surfaces are
achieved.[24,47] Hence, a precise process control is required to
reliably achieve well-defined surfaces.

Regarding the texture of the films, studies of samples grown
employing different depositionmethods provide a coherent view.
GeTe films grow on H:Si(111) with a biaxial texture with (0001)
planes parallel to the surface and {0110} planes along the Si
{220} planes[48] (cf. Figure 1a). One rotational domain with a twin
(epitaxial and twin) is observed, although the films have a rather
large twist for epitaxial films (≈4° full width half maximum
(FWHM) for MBE grown[48] and PLD grown films[37]).
Contrary to the data from XRD, more local transmission electron
microscopy (TEM) diffraction measurements instead reveal a
fiber texture in the films.[49] Furthermore, samples deposited
with an increased heating step around 350 °C show no residual
fiber texture, while samples that are directly heated to the
deposition temperature still show fiber texture.[18] The apparent
discrepancies might be explained by the pre-processing of
the samples to create the H passivated surface. In the commonly
used method of etching in 1–10% HF and rinsing in DI, the
surface is now passivated by the addition of H and Silanol
groups on the Si surface.[50] After heating the sample above
200 °C, H2O and H2 will desorb slowly from the surface, creating
a mixture of dangling 1� 1 surfaces and places with remaining
adatoms.

If the 7� 7 reconstructed surface is used, the twist of the rota-
tional domains is reduced. However, the larger surface unit cell
with a lower number of dangling bonds enables the formation of
additional rotational domains. The largest domain emerges at
≈7.5° offset from the Si peak, while a third domain exists at
2° offset. These maxima can be attributed to the formation of
coincidence lattices with minimal misfit at the aforementioned
angles.[22] On the perfect

p
3�p

3 surfaces, the films can grow

with a comparable twist to the Si(111) 1� 1 surface and only one
rotational domain and its twin are present. In addition, the films
grow smoother. Independent of the deposition method, the
{0001} textured grains in GeTe are accompanied by a small
amount of grains with {1011} texture, visible as a shoulder at
higher Qz. This grain orientation appears for all substrates/
surface reconstructions, as shown in Figure 2a. Depositing on
the 7� 7 surface can suppress the formation of these in the ini-
tial growth stage, i.e., for thinner samples. However, such grains
tend to form in thicker films.[51] The tendency of this facet for-
mation compared to other directions can be explained by the
similarity of their interfacial planes, also shown in Figure 2b,d.
In the high symmetry rock salt structures, the {0001} and
{1011} directions are equivalent to the (111) and (111) directions.
The symmetry angles in the distorted GeTe structure are 120° for
the {0001} direction and 119° for the {1011} directions.
Nevertheless, the atomic planes are similar enough that also
grains with oblique orientations can grow. The reciprocal space
map in Figure 2c shows 3 domains for the oblique peaks, which
can be attributed to rotational domains of the {1011} grains
aligned on the Si substrate.

Sb2Te3 films already grow with a much larger degree of in-
plane texture on the Si (111) 1� 1 surface, as shown in
Figure 1b. The degree of twist is halved compared to GeTe, as
the crystal structure is much better aligned to the substrate.
As for GeTe, the epitaxial relation on 7� 7 Si is more complex,
showing 2 additional rotational domains at 6.7° and 16° offset,
respectively.[24] In contrast to GeTe, however, the alignment par-
allel to the Si (110) planes is still prevalent. Similar behavior as
for Sb2Te3 can also be found for Ge–Sb–Te films,[27,29,35,52,53]

which also grow in a layered fashion. Similarly, Bi2Se3 grown
on

p
3�p

3 Bi:Si surfaces yields smooth films with high crys-
talline quality.[23] In the out-of-plane direction of the layered

Figure 1. In-plane alignment scans of the (1012) peak of GeTe a) and Sb2Te3 b) Closed lines represent Φ scans from XRD, while dashed lines are
extracted from TEM experiments. The Φ angle is set in relation to the Silicon (110) orientation. The films grown on H passivated Silicon show the
least degree of texture, and the films on

p
3�p

3 terminated Silicon the largest amount of texture. Suppression of the twin domain (at 60°) is reported
for the Sb termination as well. Growth on the Si 7� 7 and the 5

p
3� 5

p
3 domains showmultiple rotational domains for each primary direction. Redrawn

from refs. [21,22,24,35,37,48,49].
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materials, facets with a different out-of-plane orientation are
suppressed for the substrates discussed here.

Concerning the three different surface terminations of Si(111)
wafers discussed so far, the Sb/Bi termination seems to be the
best choice for controlled thin film growth with only one rota-
tional domain. However, it has drawbacks. Depositing the Sb
monolayer requires a high-temperature step, which is incompat-
ible with CMOS back end of line processes. Furthermore, the
adatoms can diffuse into the substrate, doping it and making
it too conductive for room temperature transport measurements.
The 7� 7 surface has a similar compatibility problem regarding
temperature but remains highly insulating. Hence, electrical
measurements on such samples can be performed without com-
plications. Yet, the additional rotational domains might lead to an
increased resistance for in-plane charge transport. However, for
applications designed to work cross-plane, perpendicular to the
layered structure (as utilized in the devices shown later), only the
out-of-plane texture is important, i.e., a good fiber texture is sat-
isfactory. The H passivated Si suffers from a lack of controlla-
bility due to a broad range of desorption temperatures, if HF
is used together with rinsing in De ionized water. This problem
can be circumvented if the etching method is shifted to a NH4

wet etch, which can produce perfect H:Si surfaces that are stable
up to 480 °C.[50] Nevertheless, the growth on such substrates so
far is inferior compared to the other substrate modifications.

To gain further insight into the bonding of the thin films to the
substrates, cross-section TEM images of films on different termi-
nations are compared. In Figure 3, the interfaces between the Si
substrate and Sb2Te3 (left side) as well as GeTe films (right side)
are shown. All layers feature a bright (Sb or Te) layer directly
above the Si surface. In the images of Sb2Te3, the gap at the inter-
face is larger compared to the pseudo van der Waals gaps inside
the film. Interestingly, the passivation layer and the increased
gap spacing are present independent of the surface termination
of Si(111). To further understand the initial growth of the films,
the atomic species next to the substrate should be identified. In
Sb2Te3 films, it is difficult to distinguish between the cation (Sb)
and the anion (Te) due to their similarity in atomic number. In
Bi2Te3 films however, the difference is larger, and the starting
layer can be attributed to an initial Te monolayer right above
the surface, which passivates it, under appropriate deposition
conditions.[28] It has recently been shown that Sb atoms which
have passivated the Si substrate diffuse into the growing film,
causing the initial layer right above the Si substrate to switch

Figure 2. a) Θ 2Θ measurements of textured GeTe films on different Si terminations. Facets with (0001) direction are prevalent in the film. For all
substrates, shoulders on the high angle side of the (0006) peak are visible, which can be suppressed for optimal growth e.g., on the 7� 7 surface.
Redrawn from refs. [22,37,51]. b) Top view of Te atoms on the (0001) plane, with the two planar lattice vectors equal to the a/b constants from
the unit cell c) A reciprocal space map of the GeTe (0006) peak reveals that the shoulder contains three individual peaks from 3 rotational alignments
of grains with (1011) orientation. The sketches on the left and right show the close similarity of the two crystal planes. d) Top view of the Te (1011) plane.
Compared to the (0001) plane, one planar lattice vector is slightly elongated and their angle is slightly decreased. (c) is Reproduced with permission.[22]

Copyright 2014 American Chemical Society.
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from Sb to Te.[34] The interfacial, passivating Te layer can also be
formed on amorphous substrates under tellurium excess at the
growth start.[40] This enables the growth of high-quality fiber-
textured films for devices.

The formation conditions of a passivation layer seem to
depend on the surface chemistry and morphology as well.

Excess of Te at the growth start seems to be required for Te pas-
sivation of SiO2, but not necessarily for the passivation of the
Si(111) interface. In a similar experiment, Ross et al. showed that
substoichiometric GST (5% loss in Te composition due to
desorption, when GST films are deposited from stoichiometric
targets at high temperatures) still forms a passivation layer on

Figure 3. Cross section images of the interfaces between thin film and substrate obtained by HR-TEM.: a,c) GeTe on 1� 1 Si(111) and
p
3�p

3 Si(111).
A Sb/Te passivation layer is still present after the deposition on the Sb terminated Silicon. b,d) Sb2Te3 on on 1� 1 Si(111) and

p
3�p

3 Si(111). A
passivation layer is visible for both substrates after Sb2Te3 has been deposited. e,f ) Sb2Te3 on Si(100) and SiO2 substrates. If sputtered with Te excess
from the start of growth, Sb2Te3 can grow textured even on amorphous Silicon(oxide) with a Te/SiOx intermixed region.[40] Reproduced under the terms
of the CC BY 3.0 license.[48] Copyright 2017, The Authors. Published by Springer Nature, (b) Reproduced under the terms of the CC BY 3.0 license.[35]

Copyright 2017, The Authors. Published by AIP Publishing (c) Reproduced under the terms of the CC BY 3.0 license.[91] Copyright 2016, The Authors.
Published by Springer Nature (d) Reproduced with permission.[113] Copyright 2017, RCS Pub (e,f ) Reproduced with permission.[40] Copyright 2020, IOP
Publishing.
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Si(111). Yet, no textured growth could be achieved on SiO2.
[54]

Momand et al have shown that on sputtered SiO2, grains on
smooth parts of the sample are aligned parallel to the surface,
while randomly oriented grains form on rough parts.[18]

As the passivation layer seems to work similarly on textured
and amorphous substrates, the question arises, how the Te atoms
align on the Si surface. The Te-Si(111) surface was initially
reported as a stable Te/Si(111) 1� 1 surface reconstruction with-
out changing the lattice parameter of the surface. Yet, the surface
conductivity is fairly low considering the high density of states
(DOS) presented in the accompanying density functional theory
(DFT) calculations.[55] A finite temperature DFT molecular
Dynamics simulation[56] subsequently proposed a model that
consists of a locally disordered passivation layer, which averages
to an observed 1� 1 structure in low energy electron diffraction
(LEED) experiments. This disordered layer forms a semiconduc-
tor with a narrow band gap of about 0.3 eV, which could explain
the measured conductivity. While the surface arrangement of the
passivation is still a topic for current research, especially for the
amorphous substrates, it is nevertheless a novel and interesting
approach to grow chalcogenides for application.

2.2. The Use of V2-VI3 Seed Layers & Textured Crystallization
from Interfaces

The importance of the Te interfacial layer for the growth of tex-
tured chalcogenide films has only recently been found. Hence,
attempts to grow monochalcogenides with the use of the Te ter-
mination are topics of ongoing research. However, attempts to
use Sb2Te3 as a seed layer for subsequent growth of GeTe/
GST have a longer history and will therefore be discussed here.
Sb2Te3 is attractive as a seed layer due to its good biaxial align-
ment on suitable crystalline substrates as discussed above.
Furthermore, the ability of Sb2Te3

[57] (and GST compounds[58])
to form fiber-textured films on amorphous substrates, either
during annealing & crystallization of ultrathin films, or directly
during high-temperature growth is appealing. It can be seen in
the EBSD images in Figure 4a,b, that GeTe films grown on
Sb2Te3 seeds, adapt the texture of Sb2Te3.

[9] Again, due to the
similarity of the (0001) and (0111) planes in GeTe, the area of
grains not oriented around the (0001) direction is larger than
for Sb2Te3. Yet, the in-plane alignment of the seeded films is
sharper compared to GeTe directly grown on Si(111). On the
Interface between Sb2Te3 and GeTe, a Te-gap-Te-Sb-Te-Ge…
stacking is observed.[18] This stacking imprints the crystallo-
graphic direction from the quintuple into the GeTe film formed
above. Besides preserving the epitaxial alignment, the Sb2Te3
seed also lowers the required growth temperature for epitaxial
GeTe by ≈60 °C and modifies the growth mode to achieve a flat
and coalescent layer growth, as shown in the SEM images of
Figure 4c,d.[37]

Along with the crystallographic direction, also some stress due
to lattice mismatch is imposed across the gap. This coupling is
stronger than expected for 2D systems if only weak van derWaals
forces are present across the gap. This coupling leads to strains in
a growing superlattice which can be monitored by RHEED and
modeled by a spring model,[36,59] with a coupling factor 0 ≤ ε ≤
1 across the gap. The model from Wang et al.[59] implies that

depositing a material with a larger lattice constant on top of a
material with a lower lattice constant will put tensile stress on
the layer below, just as it will impose compressive stress
on the newly deposited layer. The model of Vermeulen
et al.[36] works on the premise that strain relaxation occurs
through dislocation incorporation. He therefore also uses a
model that employs a restoring force in the newly grown strained
layer, but now with a damping term to model dislocation forma-
tion. Both models can account for the observed dependence of
the strain in growing superlattices. On the contrary, this behavior
cannot be explained based on true van der Waals bonds across
the heterostructure. Due to the increased bond strength com-
pared to 2D materials in the gaps of layered MVB chalcogenides,
we instead refer to them as pseudo van der Waals gaps.

To study the restoring force, which preserves the epitaxial
stacking of these layers, in detail, energy differences between sta-
ble chalcogenides and structures containing twins and transla-
tional shear faults have been calculated.[60] While 2D materials
like GaSe have glide paths where shearing does not require sig-
nificant energy cost, energy barriers between 10 and 60meV A�2

stabilize the stacking of Sb2Te3 films. Hence, in TEMmanymore
stacking faults are observed in true 2D materials like GaSe as
compared with films of Sb2Te3 or GeTe/Sb2Te3 heterostructures.
This difference has been attributed to MVB across the gap.[60]

Due to the extended chains of p orbital formed in the Sb2Te3
quintuples,[4] a significant bonding contribution exists between
these quintuples, which can be measured with several bond
indicators.[61–63] Even for the twinned structure, a lower but still
significant bonding contribution exists.[61] As a side note, transi-
tion metal dichalcogenides (TMDCs) such as WSe2 are consid-
ered as the workhorse of 2D materials besides graphene and
hexagonal boron nitride. They indeed are held together by weak
van der Waals forces across the chalcogenide layers. Very
recently it could be shown that a subgroup of these TMDCs
including PtTe2 also show some form of interlayer bonding
besides van der Waals interaction[64] However, further extensive
studies on the interlayer bonding of TMDCs are missing to our
knowledge.

The improved structural quality of GeTe films grown on an
Sb2Te3 template can even be seen if an amorphous film has been
deposited initially. Being able to start crystallization from the
interface, GeTe crystals grow biaxially textured on the Sb2Te3
seed layer at temperatures 95 °C lower than for crystallization
without a template.[13] This improved texture also leads to a much
larger change in the optical properties between the amorphous
state and the crystalline phase, as the crystalline state is much
closer to a perfect single crystalline phase.[13]

In the following, high-temperature growth on Sb2Te3 seed
layers is compared to two step growth procedures, where a layer
deposited at room temperature is annealed subsequently. This
two-step process has been shown to increase both vertical and
lateral grain sizes of the resulting film (Figure 6a,b), if a seed
layer with a sufficiently smooth surface can be grown.[57] For
sputter deposition on Si(100) at room temperature and subse-
quent crystallization, root means squared (RMS) roughnesses
as low as 2 Å are reported for 3 nm films, with increased rough-
nesses for both thinner and thicker films. A similar trend of an
“optimal” thickness can also be seen in high-temperature grown
MBE films on Si (111), both by an increase in the maximum
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RHEED intensities, and evaluation of X-ray reflectivity
measurements.[63]

As both processes show similar trends, it is worthwhile to
explore the differences between them. A study of growth and tex-
ture of room temperature, annealed and high-temperature
Sb2Te3 films grown with MOCVD was performed for both
Si(100)[65] and Si(111)[66] surfaces as presented in Figure 5.

On both surfaces, post growth annealing (cf. Figure 5b,e) leads
to a higher degree of texture and larger grains of the Sb2Te3 layer.
Comparing the in-plane alignment, Sb2Te3 on Si(100) performed
worse than on Si(111). The twist per rotational domain is larger,
and due to the differences in the three-fold symmetry of Sb2Te3
compared to the four-fold symmetry of the (100) surface, one
rotational domain can be found at each 90° rotation, resulting
in 12 peaks.

In addition, the growth of Sb2Te3 on amorphous substrates
such as SiO2 and a-Al2O3 has been studied. Post growth anneal-
ing leads in all cases to the best texture and smoothness of the
film, while high-temperature deposition on SiO2 even resulted in
island growth. This raises the question, for which materials and

substrates the two-step process can be beneficial. Regarding
materials, a large enough anisotropy, or to rephrase this, the
presence of Te–Te van der Waals like bonds in the crystal struc-
ture seems to be important. The increased order in post-annealed
films can be extended to GST compounds. On Si(111) substrates,
post-annealing is shown to produce high-quality trigonal GST
films, whether from an amorphous start[60] or the disordered
cubic phase.[53] Such behavior has not been reported for
GeTe, to our knowledge. Instead, GeTe is prone to form trans-
rotational crystals upon crystallization,[49] which leads to a lower-
ing of in-plane alignment, even if a single crystalline surface is
used. Recently it has also been shown that Sb films can be grown
with a high degree of texture with a similar 2-step method,[67]

albeit only on amorphous substrates. The feasibility of this
approach for single crystalline surfaces has to our knowledge
yet to be investigated.

A small outlook shall be given to the search for other possible
substrates for epitaxial growth besides Si. One prevalent idea for
the behavior of different substrates is to look for materials with
chemical selectivity,[68] i.e., materials that only form compounds

Figure 4. a,b) Comparison of the inverse pole figure map obtained from Electron Backscatter Diffraction (EBSD) on Sb2Te3 and GeTe on an Sb2Te3 seed.
Te insets show the texture analysis along the (0001) and (1011) pole. GeTe grown on the seed layer adapts the out-of-plane and in-plane orientation of
Sb2Te3. Reproduced with permission.[9] Copyright 2019, IOP Publishing. c,d) Cross section SEM of GeTe grown without seed (top) and with seed
(bottom). Using a seed layer, the GeTe growth mode changes to flat coalescent growth instead of large islands. Reproduced with permission.[37]

Copyright 2019, Elsevier.
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or solids solutions with either Sb or Te. This suggests a list of six
possible elements (Si, P, Ge, W, Re, and Pb). From this list, fiber-
textured growth has been reported experimentally on Si and W,
with a Te layer passivating the surface. Oxide surfaces, however,
show no selectivity due to the ease of the formation of Sb and Te
oxides. Thin films on SiOx are thus randomly oriented. Just fol-
lowing the selectivity argument, Al2O3 films would be equally
bad substrates. However, films growing on Al2O3 show a good
amount of texture, despite the presence of oxygen. This can be
explained if the formation enthalpy of all oxides in question is
considered, besides the general statement that such an oxide
exists. For SiO2, the standard formation enthalpy ΔfHm° is
�910.86 kJmol�1,[69] still close to the standard formation
enthalpy of Sb2O3 (�710 kJmol�1),[70] while TeO2 is with
�320 kJ mol�1[71] the least stable compound. The standard for-
mation enthalpy of Al2O3 is �1675 kJ mol�1[72] and thus much
lower compared to that of Sb2O3. Consequentially, the Al2O3 sur-
face is sufficiently passivated. In addition, amorphous carbon,[20]

graphene[26] or Muscovite MICA (SiAlOx layer at the surface)

serve as substrates for the growth of textured chalcogenide
films.[41] Therefore, either surfaces with a preferential bonding
to Te, a sufficient smoothness and/or passivation facilitate
growth in a preferential direction. For example, SiOx surfaces
can be used to grow fiber-textured films after a pretreatment with
ion bombardment or E-beam.[20]

The exact mechanism why and under which conditions a pas-
sivating Te monolayer self assembles during crystallization/
growth is still an open question. Yet, a practical solution to
improve film growth is providing elemental Te a few seconds
before the actual growth starts, to form a Te excess at the sur-
face[28,40] before the film growth starts. The excess Te that is
not needed for the formation of the surface passivation will either
incorporate into the film to minimize Te vacancies or be reeva-
porated if the growth temperature is high enough.

This concludes the film growth aspect of the review, and the
next part will deal with recrystallization experiments in textured
films. We will answer the question whether the texture and crys-
tal structure will be recovered in the recrystallized spots and

Figure 5. Comparison of the texture of Sb2Te3 grown on Si (111) and Si (100) for three different deposition conditions. a–e) show reciprocal space maps
of the (015) peak, with Φ on the x axis and 2Θ on the y axis. Results for heated deposition and Post growth annealing Si(100) are shown in (a) and (b) in
this order. Results on Si(111) for Room temperature, heated deposition and post growth Annealing are shown in (c–e) in this order. f–h) show sketches of
the texture obtained from each deposition method. The twist of the crystallites, causing the peak broadening in Φ is lower for the Si(111) surface.
Furthermore, post growth annealing drastically increases the peak height, which can be attributed to a lowering of the tilt of the crystallites as well.
(a,b) Reproduced under the terms of the CC BY 3.0 license.[65] Copyright 2021, The Authors. Published by American Chemical Society. (c–h)
Reproduced with permission.[66] Copyright 2020, RSC Publishing.
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whether the crystallization speed is affected by the textured
matrix.

2.3. (Re)crystallization

As mentioned earlier, directly providing a template for crystalli-
zation enables crystal growth once a sufficient crystallization
temperature is reached. This template ideally makes nucleation
obsolete since the film can grow crystalline directly from the
interface. Collecting recrystallization data on textured GST com-
pounds at low and high temperatures is reported in two different
experiments, local amorphization due to ion implantation and

subsequent crystallization in a TEM[14]and by melting upon laser
excitation.[39,73] These two experiments will be summarized in
the following.

Figure 6a–c show a TEM study of recrystallization at low
temperatures. A highly textured GST deposited by MBE is bom-
barded by ions creating an array of amorphous dots with diam-
eters of 50 and 100 nm. Inside the dots both GST and the
underlying Si(111) surface are amorphized. At 90 °C, a crystalline
annulus could be seen moving inwards at low velocities
(2.6 pm s�1). At 110 °C, recrystallization occurs purely from
the sidewalls of the spots. The regrowth proceeds epitaxially with
a high crystal growth velocity of around 170 pm s�1.[14]

Figure 6. Recrystallization experiments of GST at low and high temperatures. a–c) TEM images of amorphized spots inside an epitaxially grown film.
Upon Isothermal annealing the spots disappear as the film crystallizes. d) Transient reflectivity curves of lader irradiated textured GST films at different
fluences show the time between melting (drop in intensity) and full recrystallization (recovery of the intensity plateau). A decrease in the reflectivity of the
final state is due to the formation of cubic GST instead of trigonal GST e–j).cross section STEM images of the switched areas show the crystallization
depth. At 44 mJ cm�2, the film is molten up to the interface and at 50mJ cm�2 an amorphous region remains at the top. The resulting growth velocities
are shown in (e). (a–c) Reproduced with permission.[14] Copyright 2020, IOP Publishing. d–k) Reproduced with permission.[39] Copyright 2019, American
Chemical Society.
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Crystallization at high temperatures can be observed for
instance in transient reflectivity measurements after laser irradi-
ation of PLD grown GST shown in Figure 6d–k. The transient
reflectivity (Figure 6d) is measured on the ns time scale after
laser irradiation with varied fluence. With such laser pulses of
a fixed length of 20 ns a trigonal epitaxial GST225 sample is
irradiated. The fluence of the laser effectively determines the

thickness of the molten region. This thickness can also be mea-
sured afterwards by the depth of the interface between the trigo-
nal GST and the recrystallized cubic GST,[73] i.e., by cross section
TEM images (Figure 6e–j) From the determination of the posi-
tion of this interface, the crystal growth velocity can be deter-
mined (Figure 6k). The measured crystal growth velocities of
up to 1.5 m s�1 are in line with the high-temperature crystal

Figure 7. Large scale AIMD Simulation of the growth of GST124 from two crystalline interfaces. a) structure of the simulated volume. In the k̄-similarity
color scale, the yellow areas are crystalline and defect free. Crystallization occurs equally from both interfaces, recovering a single crystalline area after-
wards. Dark areas in the crystalline matrix can be identified as defects, for example, the two areas containing antisite defects magnified in b). c) sketch of
the band structure, highlighting the areas where localiziation can occur in the conduction and valence band. d) Isosurface of localized states in the
conduction band, either around “electron rich” Sb–Te chains or Te antisite defects, both forming 1D localization lines. e) Isorfurface of localized states
in the clocalized states in the valence band, appearing at vacancy clusters. Reproduced under the terms of the CC BY 3.0 license.[75] Copyright 2022, The
Authors. Published by Wiley-VCH GmbH.
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growth velocities obtained by Ab initio molecular dynamics
(AIMD) Simulations for GST225(1.5m s�1 at 700 K)[74] and
GST124(1.5m s�1 at 630 K).[75]

Apart from corroborating the results obtained from the experi-
ments, the large-scale simulations have one important advantage.
While high-angle angular dark-feld (HAADF) TEM images are
able to distinguish between Ge and Sb/Te due to the larger dif-
ference in the atomic number, Sb and Te are harder to differen-
tiate. Thus, obtaining a reasonable result for the concentration of
antisite defects or vacancies inside the ordered structure is nearly
impossible. This problem does not exist for the atomistic
simulations. The large-scale recrystallization study is able to

reveal a number of previously unnoticed defect states in the crys-
tal (Figure 7), which have an effect on the localization of charge
carriers inside the film. With new advances in the field of
machine-learned potentials for MD simulations, the system size
can even be extended much further, enabling studies of the effect
of grain boundaries and polycrystalline materials.[76]

3. Confinement Effects in Ultrathin Chalcogenides

With the established growth methods from the previous part, the
growth of sufficiently well-textured ultrathin films is possible and

Figure 8. a–d) Side views of the cubic, rhombohedral and two possible orthorhombic stackings of SnTe. The rhombohedral unit cell features a Peierls
distortion along the (111) direction, resulting in a net polarization along this directions. In the orthorhombic distortions, the net polarization of
each bilayer occurs only in-plane in the cubic (110) direction. e–h) STM images and profiles of α- and γ- SnTe oriented in (100) obtained at 77 K.
The rhombohedral stacking grows with atomic layer steps, while orthorhombic SnTe grows with steps of SnTe bilayers. Reproduced with permission.[81]

Copyright 2018, Wiley-VCH GmbH.
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corresponding results will be presented later in this chapter. In
addition, the limitation to ultrathin films also enables compara-
tive theoretical studies of free-standing slab models, even without
the use of neural network potentials to study changes in both
structure and bonding parameters upon confinement. As men-
tioned before, MVB chalcogenides form chains of highly direc-
tional p orbitals. These chains enable delocalization of electrons
andmetallic like behavior.[4] Therefore, this class of materials has
also been called ‘incipient metals’.[5] Depending on the angles
between the atoms in the chain and the bond lengths in between,
the degree of orbital overlap and therefore delocalization
changes. The high symmetry case of the structures is character-
ized by equal bond lengths and an angle of 180° between the
three atoms along the chain. Since such p-orbitals point in three
orthogonal directions, an octahedral arrangement of atoms
results. Any change from this high symmetry state will result
in a lowering of the orbital overlap and an increase in the number
of electrons localized between the two atoms with a shorter bond.
This is also denoted as a Peierls distortion (PD) in analogy to the
instability of a 1D chain of atoms.[77] In the three-dimensional
case of chalcogenides, the buckling (changes in the angle) is
happening simultaneously to the tendency of forming bilayers
(n-tuples) with shorter and longer bonds.[78] Thus, the term

“Peierls distortion” in chalcogenides refers to both changes.
The bond length distribution is sufficient as an order parameter
in these materials, as the bond angle distribution is intrinsically
connected to it in this class of materials.

3.1. Changes in Structure and Bonding

This raises the question, how these materials react, when con-
fined to the nanoscale. For this review, we focus on confinement
in ultrathin films, with thicknesses in the range of 10 nm and
below. It is clear, that for ultrathin films regardless of the mate-
rial, the roles of surfaces and interfaces become more important.
Yet, what happens if the bonding in the vicinity of the surface is
governed by MVB formed by chains of overlapping p orbitals? It
was already shown in the first part that lattice-matching interfa-
ces of chalcogenides show a long-ranging influence, the effect of
the interface visible even 10 nm above.[36] Confining these mate-
rials should lead to similar changes even far from the surface, as
the atomic arrangement in the film adapts to the energetically
favorable state. Along with the changes in atomic arrangement,
changes in the optical and vibrational properties of the thin films
are also expected. Such changes should also be very relevant for
applications. Finally, the long range of the p–p orbital chains

Figure 9. Structure of freestanding GeTe and GeSe thin film slabs with [100] orientation.[84] Outer sides: a,f ) 2D projection of the corresponding unit cell.
Both GeTe and GeSe show a bilayer stacking as an ultrathin film. While GeTe is still in an AA stacking, which resembles the stacking of the bulk structure,
GeSe shows the expected AB stacking of the Pnma phase. b,c): bond distances along the out-of-plane direction for different slab thicknesses. The grey
lines represent the distances in the bulk phase. The bond index is shown from the center to the edge. At the edges of the GeTe film (left) buckling occurs
and two bond distances can be found in/between the bilayers. The buckling and pairing of bilayers gradually decrease toward the center, so that for film
thicknesses above 10 bilayers, equal bond distances, and a cubic-like stacking are reached. For GeSe (right), buckling only occurs at the outermost layer
and no changes in out-of-plane direction are visible. d,e) In-plane bond lengths for the stacks. The grey lines represent the bond lengths in the bulk phase
GeTe showing the buckling effect in the short/long bonds as well for the in-plane bond lengths. However, the in-plane distortion does not vanish in the
center of the slabs, but is larger than in the bulk structure. GeSe shows almost no effect of the buckling on the in-plane distortion, but a visible change
toward the less distorted Cmcm phase for a thickness below four bilayers. Data points redrawn from ref. [84].
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should even have interesting implications for the topologically
protected surface states of MVB V2–VI3 compounds. The first
material we want to focus on is SnTe. Confining this material
to small dimensions can even lead to changes in the symmetry
and phase of the crystal. At 0 K, SnTe is stable in a rhombohedral,
“Peierls distorted” structure, similar to the room temper-
ature structure of GeTe, albeit with smaller distortion.
Consequently, this distortion can be overcome by thermal energy
at lower temperatures compared to GeTe. Thus, the transition
temperature between rhombohedral and cubic SnTe is between
50 and 100 K, depending on the carrier concentration.[79] A sim-
ilar phase transition in GeTe can only be found at temperatures
around 700 K.[80] However, in ultrathin films, the energy gain
through delocalization is less feasible, and three additional
phases can appear. The rhombohedral α phase with a PD in
the (111) direction and two orthorhombic structures, which differ
by the bilayer stacking sequence. In the γ-phase, every 2nd bilayer
plane is mirrored, so that an AB stacking with alternating polarity

is achieved. But also an AA stacking of Bilayers is feasible.[81–83]

Sketches of the structures are shown in Figure 8a–d.
Experimentally, only the α and γ phases have been reported,
although, most of the phase identifications in ultrathin SnTe
films have been based on scanning tunneling microscopy
(STM) evaluations of the polar ordering (the rhombohedral struc-
ture is always polar) and step height (bilayer steps form for ortho-
rhombic SnTe, while single layer steps form for rhombohedral
SnTe). The differences between rhombohedral and orthorhom-
bic SnTe morphologies are shown in Figure 8e–h.

For the theoretical investigation of structure, bonding and
properties of ultrathin films besides SnTe, DFT calculations
on (100) oriented slabs of rhombohedral GeTe and SnTe (both
metavalent) and orthorhombic GeSe and SnSe (both covalent)
have been performed.[84]

The structural fingerprints of selected GeTe and GeSe slabs
are shown in Figure 9. GeSe (and SnSe) are stable in the ortho-
rhombic AB stacking, which is expected from their bulk phase.

Figure 10. Bonding indicators and property changes in ultrathin chalcogenide slabs. a,b) Layer dependent number of electrons shared (ES) in out-of-
plane direction for GeTe and GeSe, respectively. GeTe shows gradual changes in ES with the layer index and an overall trend toward higher ES for thinner
films. For GeSe, the ES values remain constant for films thicker than 4 bilayers. c,d) The corresponding in-plane ES. For the ultrathin films, the in-plane ES
value of GeSe drops below the bulk value. e) In-plane components of the static dielectric (permittivity) tensor for GeTe, SnTe, GeSe and SnSe. GeTe and
SnTe show an increased distortion compared to the bulk and therefore lower values of the static permittivity. GeSe and SnSe show similar distortions
in the thicker slabs as for bulk material and therefor similar ϵ values. The ultrathin GeSe and SnSe films are less distorted, which results in an increased ε;
(a–d) Reproduced with permission.[84] Copyright 2020, Wiley-VCH GmbH. (e) redrawn from ref. [84].
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GeTe (and SnTe) are however relaxed to a different phase than
the bulk counterpart. As discussed before, the orthorhombic AA
Bilayer stacking is obtained for thin films of both materials.
Projections of the 5-layer slabs of GeTe and GeSe are shown
in Figure 9a,e. For the out-of-plane bond distances and in-plane
bond lengths in Figure 9b–d, the values of each bond in the slab
are plotted with respect to its index from the slab center. Since
both surfaces are identical, the slab geometry is symmetric and
only one half is shown in the images. On the surface of the slabs,
buckling occurs for all materials. Here the cations and anions
shift away from the average z-position of the layer. Changes
in the buckling for the surface and subsurface atomic layers
result in a further split of the short and long bonds into four dif-
ferent out-of-plane bond distances. The in-plane bond lengths are
not split. For the covalent material GeSe, the split vanishes after
the first bilayer and bulk-like out-of-plane distances are recov-
ered. Interestingly, the in-plane bond lengths within the bilayers
show a stronger thickness-dependent change. The in-plane
distortion in the center of the 5-bilayer structure is reduced com-
pared to the bulk value. The step to the two and one bilayer mod-
els significantly reduces the distortion further and the structure
transitions toward the more symmetric Cmcm structure. This
behavior has been reported multiple times for SnSe[85,86] indicat-
ing that confinement effects can play a role in stabilizing a net of
symmetric p–p orbital chains in the in-plane direction. This ena-
bles metavalently bonded chains in the bilayers along the px and

py orbitals, while the out-of-plane bonding is still composed of
covalent pz bonds in the bilayer and van der Waals bonds in
between. For the slabs of the initially rhombohedral materials,
the situation is vastly different. Both SnTe and GeTe are stable
in the polar orthorhombic phase in thin film slabs. For the sur-
face bilayers, the strongest buckling can be seen, but instead of
recovering the bulk-like out-of-plane distances for the inner
layers, the structure gradually shifts to a cubic-like out-of-plane
arrangement over the course of approximately five bilayers, so
that both the buckling and the short/long interlayer distortion
is suppressed in the center. This increase in symmetry in the
center of the slabs is accompanied by lower buckling in the
in-plane direction as well, leading to in-plane distortions above
the bulk values. To study the origin of the equal bond distances
at the slab center, the impact of depolarizing fields on the struc-
ture was tested. By replacing the surface Te atoms with ‘pseudo’
Te atoms with a fractional charge, the displacement field inside
the slab was countered. As a result, the gaps between the bilayers
and buckling within the layers are persistent even in the center of
the relaxed structure.[84] It is remarkable, how gradual structural
changes can be realized in the MVB compounds and that visible
distortions persist up to 8–10 atomic layers away from the
surfaces.

The changes in the atomic arrangement are also reflected in
the bonding indicators (primarily the number of electrons
shared) and intrinsic material properties, such as the dielectric

Figure 11. Structure of freestanding GeTe slabs in the (111) direction.[48] a) Side view of the unit cells of 1, 2, 6 and 12 bilayer films. b) Evaluation of the
average bond lengths. The ultrathin films are more distorted, compared to the 12 BL and the bulk. c) Evaluation of in-plane and out-of-plane lattice
parameter. The unit cell of the freestanding films of GeTe is compressed in-plane and elongated out-of-plane. d) Energy difference per atom for the
different slabs. As the films get thicker, a less distorted state with more electron delocalization becomes energetically favorable; Reproduced with
permission. (a) Reproduced under the terms of the CC BY 3.0 license.[48] Copyright 2017, The Authors. Published by Springer Nature. (b–d) drawn
from tables in ref. [48].
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function. This is shown in Figure 10. The gradual change from
paired bilayers toward equidistant layers is visible also in the
number of electrons shared (ES) within the bilayers. Going
toward the center, this number decreases and approaches the
cubic limit (lower horizontal line). On the surfaces of the film
slab, on the contrary, the system is more distorted than bulk
GeTe (higher horizontal line), in line with the increased ES value.
Contrary to this, GeSe shows only the increased ES at the surface,
and an otherwise flat value equal to the bulk value throughout the
interior of the films. As the films become thinner, the ES values
at the edges increase slowly for GeTe, but not for GeSe. The in-
plane ES of GeTe settles above the bulk value for all besides the 1
bilayer film. For the GeSe films, the value is close to the bulk
value, but the thinnest slabs show even values below the bulk
value. These changes in bonding are closely related to changes
in electron localization and properties with film thickness. The
diagonal in-plane component of the static permittivity tensor is
shown in Figure 10c. The increased in-plane localization leads to
ϵxx=yy values below the bulk values, while the decreased localiza-
tion in the less distorted GeSe films leads to an increase for the
ultrathin slabs. It is striking that the lattice of [100] oriented GeTe
and SnTe films is able to include such changes even for film

thicknesses of 6 nm, i.e. 10 bilayers. This finding creates two
new questions, which will be discussed in the following:
Firstly, one can ponder if similar changes in the atomic arrange-
ment and bonding also occur for other orientations of the films,
such as the experimentally grown (111) direction and second,
whether such changes will lead to measurable property changes.

In the (111) direction (hexagonal 0001), which is the growth
direction observed for GeTe films on Si(111), the impact of the
PD induced depolarization is even more pronounced, as the dis-
tortion direction is (anti-) parallel to the growth direction. The
surface of such slabs can be studied if a cubic GeTe stack with
the same termination on both surfaces is considered in the cal-
culations, in which the center atoms are fixed and the outer layers
are relaxed.[87] This creates a structure with an increased rhom-
bohedral distortion and shift of Ge atoms toward the surface Te
atoms. The frozen center serves as the infliction point of the
distortion/domain boundary. Other surfaces than a pristine
1� 1 Te termination yield a larger surface energy and are
thus less favorable. Similar to the slabs of the (100) GeTe, the
distortion at the surface is larger than in bulk GeTe. Layer
thickness-dependent results up to 12 bilayers, albeit only from
single domain slabs[48] are shown in Figure 11. With increased

Figure 12. Interfaces of PbSe on InAs (100) (top) and InAs(111) (bottom). a) HAADF-TEM image of the interface on InAs (100). The PbSe adapts the
growth direction of InAs. b) evaluation of the HAADF contrast on traces normal to the interface. For (100) growth of PbSe, the layers near the interface
show a buckling with a measurable offset up to 0.5 Å, which gradually relaxes but is still visible 16 monolayers inside. c) HAADF-TEM image of the
interface on InAs(111). The PbSe adapts the growth direction of InAs. For the (111) direction, especially the first bilayer is distorted. d) line plot of a wide
integrated line trace normal to the interface, more clearly showing the distortion at the interface. (a,b) Reproduced with permission.[89] Copyright 2020,
American Physical Society. (c,d) Reproduced with permission.[88] Copyright 2021, American Vacuum Society.
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confinement, the out-of-plane lattice constant increases, while
the in-plane lattice constant decreases. Regarding the atomic
positions within the unit cell, the PD increases, as the short
bonds decrease, while the long bonds increase. Looking at
the energy difference per atom in the different slab models
(Figure 12d), the thinnest films show an increased energy by
250meV atom�1. As lowering the energy per atom through elec-
tron delocalization along the orbital chains is no longer feasible
for the thin films with a finite chain length (i.e., only 4p orbitals
overlap in the 2 Bilayer (BL) slab). Instead,the relaxed structures
have a higher degree of PD and thus more localization between
adjacent atoms.

Experimentally, freestanding slabs of such small thicknesses
are prone to oxidation and difficult to measure. However, the
effect of the depolarizing fields should also be visible for inter-
faces of such chalcogenides with insulators/dielectrics and/or
surfaces. In PbSe films grown lattice-matched on III–V surfaces
a distortion gradient can be seen for films both with (111) and
(100) direction parallel to the substrate surface.[88,89] Like SnTe,
PbSe still has a cubic stable phase at room temperature,[90] but
due to the larger differences in atomic masses and radii, separa-
tion of the atomic species in TEM images is easier to achieve. In
Figure 12, the interfaces of PbSe grown on InAs(100) and (111)
surfaces are shown. From the intensity traces along the different
atomic columns (seen on the right side of the images), it
becomes apparent that PbSe indeed shows a polarizing distortion
(shift of the sublattices) that is largest at the interface and grad-
ually disappears further inside the film. A slight offset can still be
seen even 16 monolayers inside for the (100) structure. On the
(111) surfaces, one heavily shifted interface bilayer layer can be
seen, after which the cubic structure is obtained.

These findings immediately raise the question, which atomic
arrangement and properties are obtained for rhombohedral
GeTe? From the perspective of suitable Si substrate termina-
tions, i.e. 7� 7, H and

p
3�p

3 Sb, the last seems to be the best
choice, at first glance. GeTe on 7� 7 or H termination grows
amorphous in the first layers and spontaneously crystallizes after
a certain thickness of about 3 nm has been reached,[48] whereas a
crystalline film directly forms on top of the

p
3�p

3 Sb termi-
nation. Despite being crystalline from the start, Raman active
modes appear only at and above 4 bilayers.[91] This could be
explained either by a phase transition from a cubic phase toward
the rhombohedral phase, or intermixing of the Sb into the GeTe.
As TEM images of the interface show a bright passivation layer
(cf Figure 3), the first hypothesis seems more likely. However, a
new study combining STM and angle-dependent X-ray photo-
electron spectroscopy (XPS) suggests that the Sb from the termi-
nation acts as a surfactant and is still present at the surface of
GeTe up to 5 nm thick films.[34] The Raman modes of disordered
rock salt GeSbTe are forbidden,[92] therefore Raman modes
would only appear after GeTe bilayers are formed.

On the 1� 1 Si or 7� 7 reconstructed Si (111) surfaces, GeTe
films initially grow amorphous. This phenomenon has been
denoted as a “blackout” due to the loss of the intensity of the
RHEED reflexes at the early stages of growth, as shown in
Figure 13. Only after a critical thickness, crystallization occurs
and an epitaxial film is recovered, resulting in clearly discernible
RHEED reflexes.[25,48,93] The temperature dependency of this
blackout was studied for SnTe growth at different substrate
temperatures. As the crystallization temperature of bulk SnTe
is lower than for GeTe, a temperature regime is accessible
for SnTe which is far away from the desorption temperature

Figure 13. Blackout phenomena in GeTe and SnTe. a) RHEED images at different stages of GeTe growth. The crystalline reflexes and the specular spot
disappear for the amorphous region, causing a “blackout” of the RHEED image. b) Integrated RHEED intensity during growth around the
GeTe(111)–(1� 1) reconstruction streaks as function of thickness. A critical thickness can be defined, at which the film crystallizes. c) integrated
Intensity of the specular spot during SnTe growth as function of thickness. The loss of the RHEED intensity during the initial amorphous film growth
and subsequent spontaneous crystallization is visible for both compounds. At higher temperatures, the critical thickness for crystallization is lower. (a,b)
Reproduced under the terms of the CC BY 3.0 license.[48] Copyright 2017, The Authors. Published by Springer Nature. (c) redrawn from ref. [93].
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of Te. It was shown that the critical thickness for crystallization is
decreasing as the growth temperature increases. Furthermore, a
sample where growth stopped in the blackout region (0.9 nm for
0 °C substrate temperature) could be crystallized after heating to
50 °C (at which the critical thickness is ≈0.9 nm). This implies
that the blackout effect is a manifestation and viable probe of
the increased crystallization temperature for ultrathin films[58] as
discussed previously.[7]

The evolution of the structure of GeTe films above the critical
thickness was probed by X-ray diffraction[51] and is summarized
in Figure 14. In addition to the Θ–2Θ measurements presented
already in Figure 2, rocking curves and reciprocal space maps of
the 000 L peaks were measured to obtain the total scattering
intensities of the GeTe bilayers. The experimental intensity ratios

were compared to calculated intensities based on structure factor
calculations of a distorted rock salt phase, adjusted by a geomet-
rical prefactor to include the angle dependent change in illumi-
nated crystal volume. The modelled structure fits well to the
simulation results for the free standing GeTe slabs shown in
Figure 12. An increase in out-of-plane lattice constant, a decrease
of the in-plane lattice constant and an increase in PD is visible for
ultrathin films. The increase in the PD with decreasing film
thickness is closely related to an increase in the number of
the electrons shared in the short Ge-Te bonds. This change
in chemical bonding can be interpreted as an increase in the
covalency of the metavalent bonds.

For sesqui-chalcogenides like Sb2Te3, the structure is more
complex due to the formation of quintuples instead of bilayers.

Figure 14. Confinement effect on structure and bonding in (0001) oriented GeTe films. a) Shift of the out-of-plane and in-plane lattice constant. Just as in
the freestanding slab calculation, the unit cell is compressed in-plane and expanded in out-of-plane direction b) Experimentally determined intensity ratios
dependent on the film thickness. For thinner films, the intensity ratio is decreased and the average distortion is increased. c) Location of 3 films of
different thickness in the ES/ET Map. The thinner and more distorted films have a larger degree of electron sharing. Reproduced with permission.[51]

Copyright 2022, Wiley-VCH GmbH.
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Again, a high symmetry reference structure can be defined as a
perfect octahedral arrangement with a Sb–Te–Sb–Te–Te–Sb
stacking sequence, shown in Figure 15a The quintuple structure
can be recovered by shifts of atomic planes if two parameters are
used, coined Decoupling (as it splits the quintuple layers) and
Peierls (as it is responsible for the bond length ratio within
the Quintuples)[63]

With a similar method as for GeTe,[51] the two parameters
were extracted from a combination of diffraction simulations
and reciprocal space maps of the 000 L peaks. The resulting
lattice parameters and layer distances are shown in
Figure 15b,d. They fit quite well to the average values from an
accompanying DFT calculation shown in Figure 15c,d. In both
cases, the gap between the quintuples increases compared to the
bulk, while the bonds inside the quintuples only show minor
changes.

The chemical bonding analysis in Figure 16 shows that the
short Sb–Te bonds become stronger (and shorter) at the surface,
while they approach their bulk value inside the film.[63] The
increase in the gaps and resulting diminishing of ES through
the gap is independent whether it is at the surface or the center
of the slab. For layer slabs that are thin enough, the bonding con-
tributions between the quintuples are sufficient to couple the top
and bottom surface states of these materials, thereby losing
the topological protection. This effect, also called quantum

interference has been shown through angle resolved photoelec-
tron spectroscopy (ARPES) measurements in Bi2Se3 and Sb2Te3
in films below five quintuples.[31–33] Along with the changes in
structure and bonding of the ultrathin chalcogenides, a number
of material properties are changing as well, which are quite rele-
vant for the application of these films. These properties will be
briefly presented and discussed next.

3.2. Dependence of Optical Properties on Film Thickness

The intrinsic optical properties of materials, such as the band gap
Egap and the shape of the dielectric function are closely linked to
the electronic band structure, and therefore also the bonding of
the films. Because these properties are measurable with non-
destructive methods and no further sample processing is needed
to obtain optical data, studying the interaction of light with ultra-
thin films is a promising method to study confinement effects,
even though the interacting material volume becomes limited
upon confinement.

The effect of confinement on the band gap of chalcogenide
films is studied theoretically on freestanding thin film slabs
and shown in Figure 17a,c. For conventional semiconductors
such as GeSe or SnSe, a 1/d2 proportionality is expected and
found due to quantum confinement. This thickness dependence
can be explained due to the parabolic bands used in the effective

Figure 15. Structural changes in Sb2Te3 with thickness. a,b) lattice constants from DFT calculations and MBE grown films, respectively. For both, the
in-plane lattice constant stays the same, while the out-of-plane lattice constant is increased for ultrathin films. c,d) Layer distances obtained from DFT
calculation and simulation of the XRD patterns. The increase in the out-of-plane lattice constant stems from an increase in the pseudo van der Waals gap
between the quintuples. Reproduced with permission.[63] Copyright 2023, Wiley-VCH GmbH.
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masses theory.[94] By employing tight binding calculations to
explore the electronic structure of PbSe quantum wells, instead,
a 1/d proportionality has been found.[95] This was attributed to
the mainly linear dispersion of the bands obtained for the p–p
orbital chains. Such a thickness dependence is a consequence
of an unusual form of quantum confinement directly related
to the bonding in the material. This 1/d dependence is the reason
for an extension of visible quantum confinement effects into
larger thickness ranges and the higher magnitude of the change
of the energy gap. The same bonding pattern, i.e., a chain of half-
filled p-orbitals is also at work in mono chalcogenides like GeTe
and SnTe. Concerning the freestanding monochalcogenide slabs
discussed earlier,[84] it can be seen that both GeTe and SnTe
show changes in the Egap which extend to thicker films and show
a large overall change. A kink in the slope of the GeTe and SnTe
slabs can be seen at 6 BL and is explained by a change from an
indirect band gap below 6 to a direct band gap at 6 BL and above.
Fits of a 1/d behavior in the direct band gap region and a 1/d2

behavior in the indirect bandgap region can describe the data
well. As only the direct band gap results from transitions along

the p–p orbital chains, the indirect band gap shows the usual 1/d2

proportionality. Similar findings have also been reported for
sesqui-chalcogenides such as Bi2Se3.

[30,31] Both the bulk band
gap and the gap opening for the surface states, as quantum inter-
ference starts to affect the topological protection, follow the same
slope and can be fitted well with the 1/d behavior. For conven-
tional semiconductors like GeSe and SnSe instead, the expected
1/d2 behavior fits the entire thickness range. As shown in
Figure 17b,d, the peak of the optical transition of, for example,
GeTe[51] and Bi2Se3

[31] shifts with 1/d behavior as well. However,
the shifts in the optical transitions are more pronounced. This
implies that an additional effect is superimposed, which will
be discussed in the following:

A prominent feature in the dielectric function of the metava-
lent chalcogenides (Figure 18) is the strong peak in the imaginary
part of the dielectric function in the visible range. This peak
arises from interband transitions, which are known to be strong
in these compounds due to their large joint density of states
(jDOS) and p-orbital overlap.[96] It has been shown that
increased electron localization in thick films leads to a reduction

Figure 16. Change of bond indicators and properties in Sb2Te3. a) Sketch of the distortion patterns from a virtual high symmetry state. Two distortion
motifs are required to obtain the Sb2Te3 quintuple structure. b,c) magnitude of the two distortion parameters needed to describe the Sb2Te3 structure.
While the coefficient linked to decoupling of the quintuples is equally increased at the surface and the center for thinner films, the coefficient linked to
distortions in the quintuple shows subtle differences between the surface and the central quintuple. On average, both increase. d) The Born effective
charge Z* for the different atomic sites inside Sb2Te3. The value at the center is always larger than the value at the surface, but decreases below 5
quintuples. e) Electrons shared value for the different bonds within the Sb2Te3 film. ES between Sb and the central Te atom is constant for all thicknesses
and all positions within the slabs. For the bond of Sb toward the Te edge atoms, the surface quintuple is more localized than the central one, as seen from
the corresponding ES value. On average, ES increases for the thinnest films. The ES between the quintuples is decreasing for thinner films, independent
on the position in the slab. Reproduced with permission.[63] Copyright 2023, Wiley-VCH GmbH.
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of the peak height.[96] Since the integral of the dielectric
function has to be conserved (sum rule for optical transitions)
as long as the number of electrons per unit cell involved
in the optical transitions is fixed, a concomitant blueshift of
the peak will occur.

With decreasing film thickness, the electron localization
inside the films increases, as seen from the increasing ES value.
In turn, the maximum of the dielectric function should decrease.
This behavior is seen experimentally for Sb,[97,98] GeTe,[51] and
Bi2Se3.

[31] An optical anisotropy is predicted in (100) oriented
MVB monochalcogenides, as only one chain is affected by the
transition, leading to a decoupling of the optical response for
p- and s-polarized waves.[95] The corresponding shift (and reduc-
tion in intensity) of the optical response due to the reduction of
film thickness can also be taken as a rough benchmark for the
impact of pure confinement (without distortion). After 10
bilayers or 3 nm of PbSe, the bulk dielectric function is recovered
if no distortion is considered. In the experimentally determined
dielectric functions, the bulk dielectric function is recovered only
after roughly 10 nm. Therefore, the thickness-induced distor-
tions and bonding changes will affect the properties of the mate-
rial in addition to normal quantum confinement.

3.3. Dependence of Vibrational Properties on Film Thickness

The structural distortion in thin films and the change of the bond
strengths affect the phonon modes as well. From the results
presented in Figure 19, two trends can be seen. First, the crystals
which form a bilayer structure in (0001) direction (i.e.,
GeTe[48,51,91,99] and Sb,[98] Figure 19a,b) show a phonon harden-
ing of both Eg and A1g modes. This can be explained by an
increased bond strength of the short bonds inside the bilayers,
as the thinner films are more heavily distorted. For the layered
chalcogenides with n-tuple stacking along the (0001) direction
(Sb2Te3

[63] and Bi2Se3,
[100,101] Figure 19c–e) instead a phonon

softening can be observed for the A1g mode. In this mode,
the outer V–VI layers of the tuples are oscillating in sync away
from the central VI atom and toward the next tuple. The soften-
ing at low thicknesses is attributed to the decreased restoring
force at the gap for low thicknesses.[63] For Sb2Te3 also a phonon
hardening of the A1g2 mode can be seen. This vibration probes
the bond strengths of the Sb-Teedge bond as well, which is mainly
affected by increased distortions within the quintuple. For
Bi2Se3, the A1g2 mode remains constant, which implies only
a decoupling of the quintuples without further intra quintuple

Figure 17. Dependence of optical properties on film thickness for several different chalcogenides. a) Calculations for the two metavalent materials GeTe
and SnTe show a 1/d proportionality for thicker samples and a 1/d2 proportionality of the band gap for thinner films. b) the 1/d proportionality fits to
experimental data of the maximum of the optical transition in GeTe. c) for GeSeand SnSe a 1/d2 proportionality fits the entire thickness range of the
slab. d) For metavalent sesqui-chalcogenides such as Bi2Se3, a 1/d proportionality can be fitted to experimental data of the band gap, surface state gap
and optical transition. (a,c) redrawn from ref. [84], (b) from ref. [51], and (d) from refs. [30,31].
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distortions. Similar experiments on GST[102] show that the behav-
ior is persistent for ternary layered materials as well.

3.4. Devices Based on Ultrathin Films

In the last part of the review, recent advances in the use of ultra-
thin PCM layers for device application are covered. Besides
the proposed use of confined Sb films as electrical switches
in 2018,[103] electrically switched devices based on ultrathin
Sb2Te3 (4 nm)[104] and GeTe (10 nm)[105] have been published
recently. Their performance is depicted in Figure 20. Both mate-
rials have a lower performance in thicker devices as compared to
GST225 devices. Bulk Sb2Te3 has a crystallization temperature
around room temperature, leading to low retention, while
GeTe shows a slow, growth dominated crystallization with high
crystallization and high melting temperatures. Still, their con-
fined counterparts both perform better than reference GST cells
in terms of set speed and reset power consumption. The reason
for this behavior can be found in the confinement itself, but also
in the interplay with the surrounding interfaces. This interaction
can affect the crystallization temperature Tc of the phase change
materials upon confinement to ultrathin films differently.[106]

From the increased potential energies of the freestanding ultra-
thin models (cf. Figure 11d), an increase in Tc is expected. For
TiN electrodes, this increase in Tc is also visible in devices. The
Sb2Te3 bridge cell was sandwiched between TiN layers, which
shifts the low Tc of Sb2Te3 toward feasible values.

[104] At the same
time, the bridge structure allows for confinement to ultrathin
layers without risking leakage currents. The 10 nm GeTe device
was instead fabricated like a T-shaped device with a W electrode.
Contrary to TiN, W leads to a reduction of the crystallization tem-
perature for ultrathin films,[106] which makes a SET operation
possible below 3 V at a pulse length of 6 ns. The RESET operation
can be performed below 4 V with a pulse length of 50 ns. This
speeds up the process and reduces the power consumption of
the RESET by an order of magnitude.[105] With this device, a
lower value for the reset current density than the recently
published superlattice structures with minimal supercell thick-
nesses[107] has been reported. Yet, the device still possesses an
unfavorable large drift coefficient. As one reason for the
decreased power consumption, an increased heat confinement
inside the GeTe film[105] has been suggested. The idea of an
improved heat confinement to engineer better results is a general
trend in current research. If ultrathin GST is spaced between W

Figure 18. Imaginary part of the dielectric functions of different chalcogenides as a function of film thickness. a) GeTe, redrawn from ref. [51]. b) Sb,
redrawn from ref. [97]. c) Sb2Te3, redrawn from ref. [63]. d) Bi2Se3, redrawn from ref. [31]. e–g) tight binding calculation of the dielectric function of PbSe
slabs with 20, 4 and 2 (001) planes, respectively. Reproduced from permission.[95] Copyright 2004, American Physical Society. All these materials are
governed by a large peak of the imaginary part of the dielectric function at around 2 eV. For increased confinement/ultrathin films the peak decreases in
intensity and shifts to higher energies. The calculated dielectric function of PbSe resolves the in-plane and out-of-plane part of the dielectric tensor and
shows that primarily the out-of-plane part decreases and blueshifts for PbSe in (001) orientation.
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layers, the thermal boundary conductance is reduced, which in
turn reduces the RESET current of the devices by 50%.[108] The
increase in the PD in very thin films of chalcogenides will also
affect the property portfolio of the film. For the ultrathin Sb2Te3
devices, a reduced resistivity ratio between the amorphous and
the crystalline phase has been reported.[22,24,37,49] As the Joule

heating generated by the (RE)SET currents is proportional to
the film's resistance, the doubled resistance in the SET state will
also create twice as much heat at the same current. If such
devices can also demonstrate a high cyclability, they present a
promising avenue to implement ultrathin films in memory
applications.

Figure 19. Phonon frequencies of different chalcogenides as a function of film thickness. a) Phonon frequency of A1g and Eg mode of crystalline and
amorphous GeTe films as a function of thickness. For crystalline GeTe, both A1g and Eg mode frequencies increase for ultrathin films below 10 nm, while
no shift is visible in amorphous GeTe films. The strongest increase is visible below 5 nm film thickness. b) crystalline Sb. A mode strenghtening is
observed below 5 nm in Sb as well. c) crystalline Bi2Se3. The A1g1 mode frequencies decrease for films below 10 nm, while the other modes stay constant.
c,d) Raman and coherent phonon spectroscopy of Sb2Te3. The A1g1 mode frequency decreases for thinner films. In contrast to Bi2Se3, the A1g2 mode
increases for thinner films. (a) Reproduced with permission.[51] Copyright 2022, Wiley-VCH GmbH (b) redrawn from ref. [98]. (c) Reproduced with
permission.[100] Copyright 2011, American Chemical Society. d,e) Reproduced with permission.[63] Copyright 2023, Wiley-VCH GmbH.
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4. Conclusion & Outlook

The present review compares and summarizes recent findings
and developments regarding the growth of textured chalcogenide
films in general, and the confinement to ultrathin films in par-
ticular. In the first part, the growth of chalcogenides on different
surface terminations of Si(111) is discussed. In addition to the
reported epitaxial growths of GeTe and Sb2Te3 on 1� 1,
7� 7, and

p
3�p

3 Sb:Si, growth on Te interfaces is promoted,
both for epitaxial and fiber-textured growth on amorphous Si or
SiOx.[40] This, in combination with other two-step growth meth-
ods, such as Sb2Te3

[57] or Antimonene[67] seeds, overcomes the
substrate limitations regarding highly textured films and serves
as a good entry for the use of textured films in devices. It has been
shown that recrystallization in GeSbTe films from a highly tex-
tured interface is able to provide fast crystal growth and recovers
the original orientation of the grain, improving on the

reproducibility due to the lack of random grain boundaries.[14]

While the general growth direction of the crystal is recovered,
the degree of atomic ordering is lowered compared to the crys-
tallinematrix, either by an increased amount of antisite defects or
a lower degree of vacancy ordering in the recrystallized films.[39]

Yet, these are general effects that can happen in each phase tran-
sition. It is likely, that the lower volume of amorphized spots in
electrically switched devices compared to the laser irradiation
experiment shown here, mitigates these effects as well.

Regarding the confinement of ultrathin films, the peculiar
characteristics of MVB p-orbital chains inside chalcogenides have
been discussed. As the bonding is comprised of partly delocal-
ized electrons across more than two involved atoms, the surface
and center of ultrathin films are coupled. Confining such MVB
films will thus lead to increased distortions within the film,
which are strongest at the surface and gradually approach
bulk-like values in the center of the films. As such, the bonding
within ultrathin films turns closer to ordinary covalent bonding
and the unique properties in the films are suppressed.[51,63,84]

This makes material properties tunable by thickness alone,
offering a new pathway to property design next to more complex
nanostructuring or doping approaches. By comparing the
relevant length scales of the confinement effects in theory and
experiment, the impact of confinement in theoretical data seems
to be underestimated compared to experimental results. While,
for example, tight binding calculations based on the bulk unit
cells can qualitatively reproduce the blue shift of the peak in
the dielectric function, it is apparent that the interplay of confine-
ment and structural distortions needs to be considered ade-
quately to reproduce experimental findings. As the properties
of the chalcogenides strongly depend on the degree of distor-
tions, any distortion which is incorporated in the thin film,
for exanple, due to vicinity to the surfaces, will alter the proper-
ties of the material even in thicknesses, in which “normal” con-
finement is negligible. In the case of GeSe and SnSe, materials
with a covalent bulk structure, confinement effects can instead
decrease the distortions in the unit cell.[84] The ultrathin SnSe
films are closer to the high symmetry Cmcm phase than their
bulk counterpart. This leads to a stronger orbital overlap of
the in-plane p orbitals and enables MVB in the film plane.
The impact of these changes on the properties of ultrathin
SnSe films has, to our knowledge, yet to be measured, but it
seems promising to functionalize p-bonded covalent chalcoge-
nides with confinement as well.

Recent developments in phase change devices based on
ultrathin films were presented in the last section of the article.
Two device structures, which use confinement to enhance the
device performance of GeTe[105] and Sb2Te3

[104] have been
shown. It becomes apparent that the choice of the interfaces
is crucial for the device performance, as it strongly affects the
crystallization temperature of the confined films. By choosing
different contact materials, the crystallization temperature of
GeTe can be decreased into a feasible range, while the amor-
phous phase of Sb2Te3 can be stabilized, as the crystallization
temperature is increased.

Experimental studies on the bond rupture behavior by atom
probe tomography[109] could provide further insights into the
changes in bonding and the interaction with the surrounding
materials upon reducing film thickness.[110,111] Such studies

Figure 20. a) Set speed and set voltage for ultrathin GeTe and Sb2Te3
devices compared to thick reference devices. Redrawn from refs. [104,105].
b) location of the ultrathin GeTe devices in the resistance drift vs. RESET
current density plot. Redrawn from refs. [107,114–123].
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can even unravel the impact of grain boundaries on bonding and
transport.[10] It is highly desirable to go beyond a characterization
of average quantities for the atomic arrangement in thin films
and move toward layer-resolved studies. For this goal, TEM
seems well-suited, but recent advances in the ease of measuring
and analyzing quantitative LEED (I/V curves) also provide
interesting alternatives.

While this review only covers mono and sesqui-chalcogenides,
some of the methods and ideas involved in the structural
characterization of confinement-induced distortions and bond
changes could also be transferred to study other materials, which
readily exhibit layer-dependent property changes.[112] A detailed
study of the interplay of bonding, structure and electronic prop-
erties in these heavy TMDCs can help to further classify and
understand similarities and differences in more complex
electronic systems involving d-orbitals.
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