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1. Introduction
Chalcogenides offer a combination of 
properties that enables a wide range of 
applications. Many of them can be rapidly 
and reversibly switched between the amor-
phous and crystalline state, which fre-
quently possess strikingly different optical 
and electrical properties. This property 
portfolio is attractive for applications as 
photonic switches, rewritable optical and 
electronic data storage and neuromorphic 
computing.[1] They are also characterized 
by moderately high electronic, yet rather 
low thermal conductivities, which renders 
them potential thermoelectrics.[2–4] Sesqui-
chalcogenides such as Sb2Te3 and Bi2Se3 
provide an electronic structure, which can 
be utilized in topological insulators.[5] For 
all of these applications it is highly desir-
able to tailor the material properties to 
meet specific requirements. Usually, this 
is accomplished by modifications of stoi-
chiometry, including doping or control 
of the nanostructure. Yet, several recent 

Chalcogenides such as GeTe, PbTe, Sb2Te3, and Bi2Se3 are characterized by an 
unconventional combination of properties enabling a plethora of applications 
ranging from thermo-electrics to phase change materials, topological insula-
tors, and photonic switches. Chalcogenides possess pronounced optical 
absorption, relatively low effective masses, reasonably high electron mobili-
ties, soft bonds, large bond polarizabilities, and low thermal conductivities. 
These remarkable characteristics are linked to an unconventional bonding 
mechanism characterized by a competition between electron delocalization 
and electron localization. Confinement, that is, the reduction of the sample 
dimension as realized in thin films should alter this competition and modify 
chemical bonds and the resulting properties. Here, pronounced changes of 
optical and vibrational properties are demonstrated for crystalline films of 
GeTe, while amorphous films of GeTe show no similar thickness dependence. 
For crystalline films, this thickness dependence persists up to remarkably 
large thicknesses above 15 nm. X-ray diffraction and accompanying simula-
tions employing density functional theory relate these changes to thickness 
dependent structural (Peierls) distortions, due to an increased electron locali-
zation between adjacent atoms upon reducing the film thickness. A thickness 
dependence and hence potential to modify film properties for all chalcogenide 
films with a similar bonding mechanism is expected.
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studies have also provided some evidence for an interesting 
dependence of material properties on film thickness in chal-
cogenides. This can either provide technological challenges 
or interesting design opportunities. For instance, scaling the 
device dimensions down to the nanoscale leads to a poten-
tial challenge for phase change materials (PCM) in storage 
media. If small amorphous bits recrystallize spontaneously or 
cannot be switched at all, this creates a possible limit for fur-
ther downscaling. Indeed, a number of studies have already 
demonstrated that phase change materials possess thickness 
dependent crystallization kinetics.[6–9] Remarkably, however, it 
has been shown that the crystallization temperature of PCMs 
frequently increases for ultrathin films. The amorphous phase 
of Sb in ultrathin films, for example, is stabilized and can be 
switched at room temperature, whereas thicker films already 
crystallize spontaneously.[4,5]

Thickness dependent opto-electronic properties are another 
potential opportunity upon reducing the material dimensions 
besides tailoring the switching kinetics. For the band gap of 
thin films of semiconductors, for example, a correction to 
the band gap EG exists. This correction, which results from a 
quantization of available states in confined structures, usually 
scales with ΔEG  ∝ L–2, where L is the film thickness.[10] For 
crystalline phase change materials, other thickness dependent 
material properties are also reported such as phonon frequen-
cies, which depend on film thickness.[11–13] Also, for spintronic 
and thermoelectric applications, property changes with thick-
ness are reported in topologically insulating Bismuth chalco-
genides.[14–20] Yet, we are not aware of studies which compare 
the thickness dependence of physical properties for the two 
different solid states of chalcogenide materials. Could it be that 
there is a difference in the thickness dependence of material 
properties for a given compound in its amorphous and crystal-
line phase? For ordinary semiconductors, such a difference is 
not expected and has never been observed to our knowledge. 
Yet, most phase change materials alter their bonding mecha-
nism upon crystallization from ordinary covalent to metavalent 
bonding.

[21] Theoretical work has already predicted a distinctly 
different thickness dependence of the properties of covalent and 
metavalent chalcogenides.[22] Hence, one can wonder if phase 
change materials possibly reveal a different thickness depend-
ence of their opto-electronic properties in their two different 
solid states? Answering this question and discussing the impli-
cations of the surprising answer is the goal of this manuscript. 
To characterize ultrathin films with well-defined properties, the 
films need to be ultra-smooth, dense, contamination-free and, 
for the crystalline films, possess a well-defined texture. The crys-
talline films presented here are thus grown by Molecular Beam 
epitaxy. Subsequently, they are capped with a protective Al2O3 
layer without breaking the vacuum. The amorphous films are 
grown with sputter deposition at room temperature to ensure 
a layer which is as dense as possible. They are capped with a 
protective (ZnS)80(SiO2)20 layer without breaking the vacuum.

2. Results

2.1. Thickness Dependence of the Optical Properties of 
Amorphous and Crystalline GeTe

For many semiconductors, confinement effects have been 
reported. This confinement leads to a thickness dependence of 
the energy of electronic states in the vicinity of the Fermi level. 
Since these states govern the optical properties of a semicon-
ductor, we expect a thickness dependence of the dielectric func-
tion in the infrared and visible range if confinement effects 
are prevalent. Therefore, spectroscopic ellipsometry with wave 
lengths between 240 and 1720 nm has been utilized to determine 
the dielectric function of amorphous and crystalline GeTe films 
of different thicknesses. Figure 1a,b shows the dielectric function 
of amorphous films with increasing thickness. The dielectric 
function hardly changes upon increasing film thickness from  
5 to 90  nm. Only a marginal redshift of the absorption max-
imum is observed upon a tenfold increase of film thickness.

For the crystalline films, on the contrary, a pronounced thick-
ness dependence of the dielectric function is observed as shown 
in Figure 1c,d. Furthermore, there are striking differences in the 
dielectric function of amorphous and crystalline films. The pro-
nounced difference of the dielectric function between amorphous 
and crystalline phase change materials is one of the trademarks 
of these materials, which is well-known. It is surprising, however, 
that this difference is thickness dependent. We are not aware of 
any previous study of the thickness dependence of this difference. 
Compared to amorphous GeTe films, all crystalline samples show 
a Drude feature, that is, evidence for free charge carriers at low 
energies and a stronger optical absorption. With increasing film 
thickness, the peak in the optical absorption, that is, ε2 increases 
and shifts to lower energies. The increase in the peak height is 
strongest below 10 nm but is still visible up to 20 nm. This trend is 
also shown in Figure 2, where the maximum value of ε2 is plotted. 
This maximum decreases with decreasing film thickness towards 
the value for the amorphous films, while the amorphous samples 
possess a rather constant value of the maximum of ε2. Confine-
ment effects are hence pronounced for crystalline films of GeTe, 
while no obvious effects are observed for amorphous GeTe films. 
In the following, other relevant film properties are explored to find 
a possible explanation for this striking difference.

2.2. Thickness Dependence of the Vibrational Properties of 
Amorphous and Crystalline GeTe

To determine the vibrational properties as a function of film 
thickness, Raman measurements have been employed. Sev-
eral previous studies have already reported on the thickness 
dependence of the Raman spectra of crystalline GeTe films, 
which are governed by an E and an A1 mode, at around 80 and 
120 cm–1, respectively.[23] The Raman measurements in Figure 3a  
show these two modes. The data shown resemble previous 
measurements.[11,12,24] The absence of an oxide related mode at 
140 cm–1 implies that oxidation does not even affect the thinner 
GeTe films.[25] All studies, including the new data presented 
here, agree that crystalline GeTe films have a pronounced 
thickness dependence of their mode frequencies, shown in 
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Figure 3b. It is striking to see that the vibrational frequency of 
both modes decreases significantly with increasing film thick-
ness, even though the average number of neighboring atoms 

increases with film thickness. This is a rather unusual thick-
ness dependence. The amorphous films feature a broad Bose 
Peak at low wavenumbers and have significantly higher phonon 
frequencies at roughly 120 and 155 cm–1 compared to the crys-
talline modes. Given the broadness of the amorphous features, 
the data matches the previously reported modes around 125 and 
162 cm–1.[26] Possibly more striking, while the modes of the crys-
talline phase show a pronounced thickness dependence, this 
is not the case for the amorphous films. With decreasing film 
thickness, the frequencies of the crystalline film approach those 
of the amorphous films. Hence, both for the vibrational and the 
optical properties there is a recurrent pattern. There is a tremen-
dous difference in confinement effects for the amorphous and 
the crystalline phases. The properties of the crystalline films 
approach those of the amorphous samples with decreasing 
thickness. These observations demand an explanation.

2.3. Thickness Dependence of the Atomic Arrangement in 
Crystalline GeTe

The pronounced thickness dependence of the vibrational modes 
and optical properties of crystalline GeTe thin films is possibly 
related to a thickness dependence of the atomic arrangement. 

Figure 1.  Dielectric function of amorphous and crystalline GeTe thin films for different film thicknesses: a) real part and b) imaginary part of the dielec-
tric function of the amorphous samples, c) real part and d) imaginary part of the dielectric function of the crystalline samples, which are stronger and 
have an increased thickness dependence.

Figure 2.  Maximum value of ε2 as a function of thickness for the amor-
phous (red) and crystalline (green) samples shows the increased thick-
ness dependence for the crystalline samples.
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Hence, x-ray diffraction (XRD) has been used to characterize the 
films. The structure of crystalline GeTe can be described by the 
rhombohedral R3m unit cell in Figure  3c. The Miller Bravais 
Notation (hkil) is used to identify the lattice planes. The atomic 
arrangement can be understood as a small distortion of a per-
fect octahedral structure, characterized by 6 nearest neighbors, 
to an arrangement with 3 longer and 3 shorter bonds, often 
described as a “Peierls Distortion.”[27] The same concept can also 
be used to describe the short range order in amorphous and 
liquid GeTe.[28,29] In Figure 4 θ–2θ scans, which probe the out 
of plane direction, are shown of all samples. Only (0003n) GeTe 
reflections can be seen apart from the substrate peaks, indicative 
of highly textured crystalline films. Laue fringes around the lat-
tice peaks are obtained for all samples for the (0003) and (0006) 
peaks, visible for the thicker films in the close ups of the (0003n) 
peaks in Figure  3b–d. Thus, coherently scattering epilayers of 
GeTe are formed in all samples. The (0003n) peaks broaden due 
to the finite film thickness and gradually shift towards lower 
values in Q-space and thus higher lattice constants for ultrathin 
films. Figure 5 shows cuts through the (11̅00) reflexes of selected 
samples for the in plane direction for a fixed tilt angle ψ, and 
reciprocal space maps of the (1017) peaks, which have both 
an in- and out-of-plane component, at a fixed rotation angle φ.  
The in plane lattice constant observed from the Q|| position 
of the (11̅00) peaks decreases the ultrathin films. The width 
of the (11̅00) peaks with respect to the sample rotation does 
not change significantly, indicating that we preserve a biaxial 
texture throughout the films. The position and widths of the  

(1017) peaks show the same behavior of an increasing Q|| and 
decreasing Qz for the ultrathin films. The evaluation of the in 
plane (a) and out of plane (c) lattice parameters from the shown 
XRD is shown in Figure 6 and compared with the value for the 
in plane lattice constant measured with reflection high energy 
diffraction (RHEED) during growth and values based on DFT 
calculation of freestanding GeTe slabs from Wang et  al.[11] For 
both in plane and out of plane lattice parameters, the change 
in lattice parameter is most pronounced below 7  nm but with 
minor changes visible in an intermediate region. As the data 
density in between the bulk like samples and the region below 
10  nm is comparatively low, we refrain from pinpointing the 
limits of changing atomic arrangement with film thickness to a 
certain value from XRD. A change in the in plane lattice constant 
is also visible during growth from the shift of the reflex posi-
tion on the RHEED. The in situ lattice constant for the growth is 
calibrated by the substrate peak positions before growth. Below 
2 nm, the films are in the blackout region, that is, have an amor-
phous structure.[11] Above 2 nm film thickness, the in plane lat-
tice constant increases towards the bulk value. The fact that the 
same trends are observed by RHEED during deposition and 
by XRD after deposition indicates that the distortion is already 
formed during deposition and is thus an inherent film property. 
A comparison of the lattice constants extracted from RHEED for 
different samples suggests that the intermediate region extends 
to 15–20  nm, as shown in Figure S5, Supporting Information. 
This is a remarkably large range of film thicknesses, over which 
the atomic arrangement changes.

Figure 3.  Raman measurements of selected crystalline and amorphous thin films. a) Spectrum in the range of the A1 and E modes of GeTe, vertically 
offset to show the (lack of) thickness dependent evolution. The intensity was scaled so that the modes are equally visible in the films. b) Thickness 
dependent shifts of the GeTe modes in the amorphous (red symbols) and crystalline (green symbols) phase, plotted together with already published 
data of Wang et al.[11,12] for thin films on two different Si substrates and Polking et al.[24] for nanocrystals. While the frequencies of the amorphous 
samples are independent of the thickness, the modes are strengthened for ultrathin crystalline GeTe films.
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Figure 4.  X-ray diffraction measurements of crystalline GeTe films for different thicknesses: a) θ − 2θ measurements of the films, which are textured in 
(0001) direction and show Laue fringes besides the main diffraction peaks. The (0003n) peaks show a thickness dependent distortion towards lower 
Bragg angles and a larger out of plane lattice constant in ultrathin films. b–d) close ups of the (0003n) peaks for the thicker films.

Figure 5.  In plane reciprocal space maps of the (11 ̅00) peaks (top) and reciprocal space maps of the (1017) Peak (bottom) for different reveal a distor-
tion towards higher Bragg angles and a lower in plane lattice constant in ultrathin films. The out of plane component of the (1017) seconds the trend 
of the θ − 2θ measurements.
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From the lattice parameters, we can calculate changes in 
the aspect ratio of the unit cell (c/a) and the unit cell volume. 
While we see a relative elongation of the lattice cell to a higher 
aspect ratio (3%), the cell volume does not change within 1%. 
Since all peaks shift gradually with film thickness and no new 
peaks appear, the appearance of a new phase different from the 
bulk R3m phase is unlikely. Furthermore, DFT calculations 
of freestanding GeTe slabs as presented by Wang et  al. show 
a similar behavior of the in-plane lattice constant,[11] which 
implies that the change is not governed by strain imposed 

from the substrate. For GeTe grown on the 7  ×  7 reconstruc-
tion, domain matched epitaxy is observed, with a number of 
rotational domains rotated with respect to the orientation of the 
substrate, as shown in the Azimuthal RHEED pattern and the 
φ-scans in Figure 7. The most intense and therefore prevalent 
domains on the samples are rotated by roughly 7°, in accord-
ance to previous reports of GeTe grown on 7 × 7 reconstructed 
Si.[30,31] The rotation of the domains with respect to the sub-
strate mitigates the domain misfit between substrate and thin 
film rather than forming a pseudomorphic, heavily strained 
epilayer.[31,32] Accordingly the orientation angle of the domains 
adjusts as the in plane lattice expands during growth as seen in 
Figure  7b. The change of the atomic arrangement with thick-
ness could instead be attributed to a thickness dependent Pei-
erls distortion, characterized by a gradual decrease of the ratio 
of long to short bonds Rl/Rs within the unit cell.

The inset in Figure 8a shows the unit cell of GeTe with two 
different Rl/Rs, ratios. A change of the Peierls distortion in 
GeTe will alter the displacement of the Ge/Te sub-lattices from 
a cubic arrangement along the c-axis. In kinematic diffraction 
theory, the intensity I for a given diffraction peak is based on 
the interference of waves scattered at the atomic sites. For 
Rl/Rs = 1, the Ge and Te atoms are alternating with a distance 
of 1/6 c along the c-axis. For the diffraction on [0003] planes, 
the waves scattered on the different atomic species have a 180° 
phase shift and show destructive interference. For the [0006] 
planes, the phase shift is 0° and the waves interfere construc-
tively. For Rl/Rs  ≠ 1 one sublattice is shifted, and the construc-
tive interference is reduced. The intensity ratio I(0006)/I(0003) 
is largest without Peierls distortion and decreases for larger 
Rl/Rs . Ge vacancies also reduce the scattering centers in one 
sublattice and thus can reduce the intensity ratio as well. We 
calculated the structure factors Fi based on structure param-
eters from Nonaka et  al.[33] and show the relation of intensity 
ratio and Peierls distortion in Figure 8a. A geometric factor is 
added to account for the experimental setup: The measured 
intensity is dependent on the volume Vi probed for the dif-
ferent peaks. The volume ratio is dependent on the incidence 
angles ωi, which affects the beam footprint on the sample. The 

Figure 6.  a In plane and c out of plane lattice constants obtained as 
function of film thickness. Closed triangles are calculated from peaks 
with either h,k,l = 0 and open triangles from the reciprocal space maps 
of the (1017) Peaks. Closed points depict the lattice parameter obtained 
from the RHEED measurement during growth of the 62.5 nm sample. 
Red stars are in plane lattice parameters from simulated freestanding 
GeTe films from Wang et  al.[11] All methods agree that the unit cell is 
distorted toward higher c and lower a for ultrathin films. Inset drawn 
with VESTA.[52]

Figure 7.  a) ARHEED and b) φ scans of films with different thicknesses. The in plane texture shows rotational domains at roughly ±2° and ±7°. The 
orientation angle of these domains increases slightly for thinner films.
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comparison shows that for vacancy concentrations matching 
the reported carrier concentrations in GeTe,[34] their influence 
is negligible for Peierls distortions similar to or larger than the 
value reported for bulk GeTe (1.09).[33] We can therefore only 
explain the thickness dependence of the experimentally derived 
peak intensity ratio by a thickness dependent Peierls distortion. 
From the measured ratio shown in Figure  8b, we can deter-
mine the size of the Peierls distortion. These ratios were deter-
mined from integrating reciprocal space maps of both peaks 
(solid points) and measuring perpendicular high resolution 
line profiles (θ–2θ and ω–scans) and calculating the intensity 
ratio from the integrated area Ai of the former and the integral 
breath βi of the latter. Both methods determine a decreasing 
intensity ratio and therefore a higher amount of Peierls distor-
tion for the ultrathin films.

3. Discussion

3.1. Linking Changes in Atomic Arrangement to the Thickness 
Dependence of Optical and Vibrational Properties

The last section has shown that the thickness dependence of the 
optical and vibrational properties of crystalline GeTe films coin-
cides with a thickness dependence of the atomic arrangement, 
and in particular a thickness dependence of the Peierls distor-
tion. This raises the question if these two trends are closely 
intertwined. GeTe is characterized by an electronic structure 
which differs significantly from covalent semiconductors like 
GaAs or Si. Each atom in GeTe employs predominantly p-elec-
trons to bond to its nearest neighbors, which are octahedrally 
arranged. Without any Peierls distortion, each atom hence has 

six nearest neighbors, with whom σ–bonds are formed from 
p-orbitals. For each of these six bonds, only a single electron is 
available, unlike in covalent bonds which require two electrons, 
that is, an electron pair to form this bond. The optical transitions 
in GeTe are thus governed by transitions between p-states.[35] 
These p–p transitions are dipole allowed since they are charac-
terized by a parity change. The transition rate is described by 
Fermi’s golden rule, which depends upon the joint density of 
states and the matrix element for the transition between valence 
band and conduction band states. This matrix element depends 
upon the overlap of the valence and conduction band states, 
which has been shown to depend upon the size of the Peierls 
distortion[35] and other distortions which alter the p-orbital 
alignment.[36] With decreasing size of the Peierls distortion, 
the matrix element and the maximum of the imaginary part of 
the dielectric function ε2(ω) increases.[35] We demonstrate this 
behavior in Figure 9. The orbital resolved dielectric function is 
calculated from structures based on the XRD results and com-
pared to the experimentally determined function. It is remark-
able how well the simulated optical data fit the experiment by 
just considering the structural (Peierls) distortion. The optical 
and vibrational properties of amorphous GeTe on the contrary 
are rather independent of film thickness, which indicates that 
the atomic arrangement does not change with thickness.

3.2. Linking the Differences in Confinement Effects of 
Amorphous and Crystalline GeTe Films to Differences in Bonding

In the last section, the thickness dependence of the optical 
properties of crystalline GeTe films has been attributed to 
a thickness dependence of the Peierls distortion. Yet, both 

Figure 8.  Calculated and experimental results for the intensity ratio of the (0003) and (0006) peaks. a) Simulated intensity ratio based on structure 
factor calculations for different amounts of Peierls distortion, parametrized by the Rl/Rs ratio. The structure factors are multiplied by a geometrical cor-
rection factor to account for differences in the illuminated area for both diffraction conditions. The inset shows the movement of one sublattice away 
from the (0006) lattice planes upon increasing Peierls distortion. Different vacancy concentrations only lead to small changes of the intensity ratio for 
distorted films. Hence, the observed changes of intensity ratio with film thickness in (b) can be best accounted for by changes of the Peierls distortion 
in GeTe films with thickness. b) Experimentally determined intensity ratio, estimated by an analysis of integrated intensities in θ − 2θ measurements 
and rocking curves (circles) and direct integration of reciprocal space maps (points). Thicker films have intensity ratios between 1.1–1.3, corresponding 
to Peierls distortions around 1.12–1.14. For thinner films, the intensity ratio goes down to 0.6, corresponding to a distortion of around 1.18–1.20. Inset 
drawn with VESTA.[52]
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amorphous and crystalline GeTe are characterized by a Peierls 
distortion, albeit one that differs in magnitude. Why is there 
no apparent change in the size of the Peierls distortion with 
increasing film thickness for the amorphous films? In the last 
few years, ample evidence has been found which points towards 
significant differences in bonding between many amorphous 
and crystalline phase change materials. Upon crystallization, 
materials like GeTe, Sb2Te3 and GeSb2Te4 show significant 
differences in properties such as the effective coordination 
number, the optical dielectric function ε(ω) and the optical die-
lectric constant ε∞, a measure of the optical polarizability.[35] In 
addition, significant differences in the Born effective charge, a 
measure of the chemical bond polarizability, the electric con-
ductivity σ or the bond rupture have been attributed to a change 
of bonding upon crystallization.[21] These observations can be 
explained best if we assume that the bonding in many crystal-
line chalcogenides and related compounds differs significantly 
from ionic, covalent, and metallic bonding, but forms a unique 
bonding type instead, which has been denoted as metavalent 
bonding. Materials that employ this bonding mechanism can 
be distinguished from other materials by two quantum-chem-
ical bond descriptors, the number of electrons shared (ES) and 
transferred between adjacent atoms (ET), which are obtained 
by density functional theory (DFT) calculations.[37] This leads to 
a map for solids as depicted in Figure 10, where metavalently 
bonded compounds occupy a well-defined region between cova-
lent and metallic bonding. Ordinary covalent bonds as found in 
Si or diamond are characterized by the formation of an electron 
pair between two adjacent atoms. In this case, the electrons 
which are responsible for the bond are localized between these 
neighboring atoms. One electron pair is shared between two 
atoms, the ES of Si is roughly 2. In solids employing metallic 
bonds, on the contrary, the electrons forming the bond are 
delocalized over several atoms, as a consequence the electrons 
shared value between adjacent atoms is much smaller (e.g., 0.5 
for Ag). For ideal metavalent bonds, one electron (half an elec-

tron pair) is shared between neighboring atoms. In ideal cubic 
GeTe, the p-orbitals form chains throughout the material. The 
small Peierls distortion in stable GeTe decreases the p-orbital 
overlap and the average value of ES increases slightly as com-
pared to the cubic state. After confining the film, the atoms 
adopt a more distorted structure. An increased Peierls distortion 
for thinner slabs of (111) oriented freestanding GeTe and GeTe 
was theoretically calculated by Wang et al.[11] The Peierls distor-
tion increased from 1.11 in the bulk to 1.16 in a 6 Bilayer (≈2 nm) 
film, while the in plane lattice constant decreased from 4.17 to 
4.11 Å.[11] For thin films of covalently bonded GaSb no similar 
changes of film structure with thickness have been reported.[11] 
For the (0112) orientation of GeTe—which corresponds to the 

Figure 10.  Map which separates different bonding mechanisms uti-
lizing the number of electrons shared and transferred between adjacent 
atoms. Crystalline GeTe is found in the green region, where bonding is 
characterized by a competition between localization and de-localization. 
Redrawn with permission.[21] Copyright 2020, The Authors, Published by 
WILEY-VCH.

Figure 9.  Imaginary part of the dielectric function (ε2(ω)) of GeTe films with increasing thickness compared with simulation results based on the 
experimentally determined distortion of the unit cell: a–c) Imaginary part of the dielectric function for the three different distortions, plotted together 
with the experimental data from Figure 1 for films of 2.8 nm (red line), 7.3 nm (green line), and 62.5 nm (purple line). The shaded areas show the 
contribution of s–s, s–p, and p–p transitions that make up the dielectric function, which is governed by the p–p transition. For thinner films and thus 
larger Peierls distortions, the overlap of the p-orbitals of adjacent atoms is reduced, which leads to a decrease of the p–p transition probability and 
thus a lower maximum of ε2(ω).
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(001) plane in the cubic system, more extensive theoretical 
studies have recently been performed by Ronneberger et al.[22] 
also providing ES/ET coordinates for different film thicknesses 
as a function of the position within the layer stack. These com-
putations show an average increase of ES along the film normal 
for thinner films. A link between the Peierls distortion and ES/
ET for bulk GeTe was shown by Raty et  al.[38] Indeed, for the 
structures presented above we determine an increase of the Pei-
erls distortion from Rl/Rs = 1.11 (ES = 1.05) for GeTe films with 
a thickness of 62 nm, to Rl/Rs = 1.19 (ES = 1.25) for 2.8 nm of 
GeTe. Upon decreasing film thickness, the metavalently bonded 
crystalline films thus become increasingly more covalent, since 
the electrons are more localized. This causes an increase of the 
bond strength which leads to an increase of the frequency of 
the vibrational modes with decreasing film thickness, as seen 
in the Raman spectra. The concomitant increase of the Peierls 
distortion leads to a reduced overlap of adjacent p-orbitals and 
hence a decrease of the imaginary part of the dielectric func-
tion. Thus, the change in bonding of the GeTe can explain the 
changes found in the Raman and spectroscopic ellipsometry 
measurements. In amorphous GeTe films, a broader variation 
of bond lengths is found because only short range order is pre-
sent. Nevertheless, the average motif of short and long Bonds is 
similar and median values of Rl and Rs can be calculated.[29] In 
these amorphous films, a thickness dependence of properties is 
not observed. In covalent bonds the electrons are much more 
localized, and hence there is no competition between electron 
de-localization and electron localization anymore. Hence, a 
thickness increase cannot change the electron de-localization 
and the changes of film properties with thickness are much 
smaller, as shown in Figures  1–3. Note that the change of the 
vibrational modes is similar for GeTe deposited on all three dif-
ferent substrate terminations shown in Figure 3, even though 
the in plane lattice constant decreases towards the bulk value 
for GeTe deposited on the Sb terminated surface.[12] A similar 
change of the optical and vibrational modes has been reported 
for thin Sb films by Cheng et  al.,[13] which could be explained 
by the proposed increase of ES for thinner films as well. The 
present findings reveal that the film thickness compliments the 
film stoichiometry as a means to tailor film properties. While 
we can modify the two quantum chemical bonding descrip-
tors (ES and ET) by changes of stoichiometry, we can also 
increase ES by a reduction in film thickness without changing 
stoichiometry. This will lead to clear changes in film prop-
erties such as the optical absorption of the crystalline state 
(ε2(ω)), but also effective masses and hence electron mobilities 
as a function of thickness for GeTe films which are less than 
10  nm thick. It is also plausible that this will affect the crys-
tallization kinetics. More specifically, the increased covalence 
of thin GeTe films should also increase the bond strength 
with decreasing film thickness. This conclusion implies that 
thin GeTe films might require higher crystallization temper-
atures and should show a crystallization temperature, which 
increases with decreasing film thickness. This conclusion is 
consistent with experimental observations.[39] Yet, crystalli-
zation will also be influenced by the proximity of interfaces. 
Hence, considerable care has to be taken to separate the 
impact of heterogeneous nucleation from intrinsic changes of 
film properties with film thickness.

4. Conclusion

The thickness dependence of the optical and vibrational prop-
erties of amorphous and crystalline films of GeTe has been 
studied. While these properties show a pronounced thickness 
dependence for crystalline GeTe, this is not the case for the 
amorphous films. With decreasing film thickness, both the die-
lectric function and the vibrational properties of the crystalline 
films approach the properties of the amorphous films. Crys-
talline GeTe thin films show a change of atomic arrangement 
with film thicknesses, which can be attributed to a Peierls dis-
tortion which increases with decreasing film thickness. These 
changes are closely linked to changes of optical and vibrational 
properties with film thickness. The unconventional bonding 
in crystalline GeTe, that is, metavalent bonding, explains both 
observations. Metavalent bonding is defined by the competi-
tion between electron localization and electron delocaliza-
tion. Reducing the film thickness affects this competition and 
increases the electron localization, making the film more cova-
lent. For the amorphous films, on the contrary the electron 
localization hardly changes, as previously shown for crystal-
line covalently bonded films. The ability to modify the balance 
between localization and delocalization with film thickness in 
metavalently bonded materials provides ample opportunities to 
tailor material properties. This has been shown for GeTe in this 
paper and can be extended to the related metavalently bonded 
Sb in the work of Cheng et  al.[13] Since there is a plethora of 
chalcogenides including GeTe, SnTe, PbTe, Sb2Te3, Bi2Se3, 
Ge2Sb2Te5, and many more, which employ metavalent bonding, 
this promises many interesting design opportunities for phase 
change materials, photonic switches, thermoelectrics and topo-
logical insulators.

5. Experimental Section
Deposition: In the present study, crystalline GeTe thin films were 

deposited by molecular beam epitaxy (MBE) on a 3.5 ×  3.5  cm2 single 
side polished Si(111) substrate (N/Ph doped, 3–10 kΩ cm resistivity). RCA 
cleaning was performed to remove the top oxide layer and impurities 
from the substrate surface. As the last step of the cleaning process, 
the substrate was rinsed with 1% hydrofluoric acid. The substrate 
was immediately placed in a load lock chamber and evacuated to 10–8 
mbar. Once this pressure was reached, the substrate was transferred 
to the MBE chamber, which had a base pressure of 10–10 to 10–11 mbar. 
The substrate was heated up to 750  °C for 30 min to achieve a 7  ×  7 
surface reconstruction[40] of Si(111), as shown in Figure S6a, Supporting 
Information. Crystalline epitaxial GeTe growth was optimized for the 
specific setup based on the process developed by Giussani et al.[30] The 
Ge and Te effusion cells were run at 1121 and 248 °C respectively, leading 
to a growth rate of 0.03 Å s−1. The substrate heater was set to 125 °C. The 
growth mode was monitored in real time with in situ RHEED to ensure 
reproducibility. The film stoichiometry was determined with EDX for  
the thicker samples and did not vary by more than 1% on and within the 
samples. For further ex situ investigations, GeTe films were immediately 
and without vacuum break covered with Al2O3 in a dedicated oxide-MBE 
system with a base pressure of 4  ×  10–10  mbar. Al2O3 was evaporated 
from an electron-beam evaporator. The deposition rate was 0.1 Å s−1 and 
the pressure raised during evaporation to 2  ×  10–7  mbar. The sample 
was rotated at 6  rpm about the surface normal for a better thickness 
homogeneity. The amorphous GeTe films were deposited on 2 × 2 cm2 
single side polished Si(100) substrates with magnetron sputtering. The 
deposition was performed from a stoichiometric target at the power of 
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20 W (DC generator) with an Ar flux of 20 sccm. To prevent oxidation, 
capping layers of ZnS-SiO2 (80:20 at%) were deposited in situ from a 
stoichiometric target with a power of 60 W (RF generator) and an Ar flux 
of 20 sccm. No further heat treatment was performed on any sample.

Raman Spectroscopy: Raman measurements of the thicker crystalline 
films were performed using a laser wave length of 532 nm on a WITec 
alpha300R confocal microscope. Spectra were recorded using a 
100× objective under ambient conditions. Low laser energy (0.1 mW) 
was used for the Raman measurements to avoid laser-induced damage of 
the GeTe samples, which were sensitive to light and heat. Measurements 
were performed on various spots to ensure representative results and 
the homogeneity of the sample. A resolution of around 1 cm–1 was 
achieved utilizing a grating with 1800 lines mm−1. The thinner crystalline 
samples and the amorphous samples were measured on a Jobin-Yvon 
HR-460 spectrometer (1500 lines mm−1 grating and Andor CCD camera, 
spectrometer resolution being 1.5 cm−1) in backscattering geometry. The 
primary beam was from a 514.5 nm Ar laser focused into a 2 µm spot. To 
obtain the mode frequencies, the Raman peaks were fitted with a series 
of Gaussian peaks.

X-Ray Diffraction/Reflection: XRR measurements were used to 
determine the thickness of the GeTe film and capping material. The 
out of plane texture was probed with θ–2θ scans and rocking curves. 
For assessment of the in plane data, φ-scans near the (11̅00) Peaks 
were measured and reciprocal space maps were obtained for the (11̅00) 
and (2200) Peaks. All X-ray experiments were performed with Cu Kα,1 
radiation (1.5406 Å) on a Bruker D8 Discover. For the line profiles, the 
incident beam path consisted of a Goebel mirror, a 0.6 mm slit, a (220) 
Ge monochromator, and an automatic rotary absorber. On the detector 
side, a 0.6  mm slit and a LynxEye detector in 0D mode with an active 
area of 0.675 mm were used. For the XRR measurements, the slits were 
replaced by 0.1 mm slits and the detector area was adjusted accordingly. 
The in plane measurements were performed with a 1 mm nozzle instead 
of the incident slit, and an additional 2.5° axial Soller in front of the 
detector, with an active area of 1 mm. To obtain a grazing condition, the 
sample surface orientation was adjusted with two stepper motors inside 
the centric Eulerian cradle, and a ψ angle of 89.2° was used during the 
scans.

The reciprocal space maps of the (1017) peaks were taken on a 
Rigaku SmartLab X-Ray Diffractometer equipped with a HyPix-3000 2D 
detector, which measured in the 1D mode. A Ge(220)×2 monochromator 
was used for the incident beam and a 5.0° Soller slit for the outgoing 
beam. To obtain peak positions, the line profiles were fitted with Pseudo-
Voigt profiles and the reciprocal space maps with 2D Gaussian peaks. 
The lattice parameters were determined by linear regression where 
applicable.

Spectroscopy Ellipsometry: Ellipsometry spectra were measured in the 
spectral range from 0.72 to 5.14 eV using a J. A. Woollam M-2000UI with 
angles of incidence of 65°, 70°, and 75°. The light sources of the setup 
were  deuterium and halogen lamps. A silicon charge-coupled device 
camera was employed for the visible and ultraviolet range detection, 
while an InGaAs diode array was used for the lower energy range. These 
detectors used in total 584 channels with an average resolution of 
around 7 meV. Ellipsometry spectra were recorded at room temperature.

The dielectric functions of samples were determined by establishing a 
3 layer model (capping/thin film/substrate) based on matrix  formalism 
in the CODE software. A summation of a constant dielectric background, 
the Tauc-Lorentz and Drude contributions was employed to describe 
the dielectric function of the GeTe thin films (see Figure S1, Supporting 
Information). The dielectric functions of capping and substrate were 
established on reference samples. A Downhill simplex method was used 
for the unconstrained optimization. All the parameters were fitted to 
convergence.

DFT Calculations: The electronic structure calculations were 
conducted using DFT (density functional theory), utilizing PAW 
(projector augmented wave) potentials[41] as implemented in the  
VASP[42–45] and ABINIT[46,47] software packages. GGA-PBE exchange-
correlation functionals[48] were used for the computation. The energy 
cutoffs exceeded 500  eV for all calculations. A 23  ×  23  ×  9  k-point 

grids and 8 × 8 × 3 k-point grids were utilized for the calculation of the 
dielectric functions and the ES/ET values respectively. The dielectric 
functions were computed using Fermi’s golden rule and a sum over 
states close to the Fermi level (5/14 valence/conduction states).

The DGRID code was used to calculate the electrons shared and 
electrons transferred values by employing Bader basins Ω,[49] defined by 
applying the Yu-Trinkle algorithm.[50] The initial wave function required 
by the DGRID software package was computed with the ABINIT 
software. The ES values were obtained by integration of the exchange-
correlation hole over the corresponding basins. Integrating over the 
electrons density within a basin yields the electron population of the 
respective atom N(Ω). The total number of electrons transferred (TET) 
was then obtained by subtracting the nominal charge of the atom. To get 
the (relative) number of electrons transferred (ET), the TET value was 
further divided by the formal oxidation state of the respective atom. The 
ET and ES values were robust against the choice of the functional type, 
as these quantities mostly depended on the valence wave function.[51]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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