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Confinement-Induced Phonon Softening and Hardening in
Sb2Te3 Thin Films

Julian Mertens, Peter Kerres, Yazhi Xu, Mohit Raghuwanshi, Dasol Kim,
Carl-Friedrich Schön, Jonathan Frank, Felix Hoff, Yiming Zhou, Riccardo Mazzarello,
Abdur Rehman Jalil, and Matthias Wuttig*

Scaling effects in Sesqui-chalcogenides are of major interest to understand
and optimize their performance in heavily scaled applications, including
topological insulators and phase-change devices. A combined experimental
and theoretical study is presented for molecular beam epitaxy-grown films of
antimony-telluride (Sb2Te3). Structural,vibrational, optical, and bonding
properties upon varying confinement are studied for thicknesses ranging from
1.3 to 56 nm. In ultrathin films, the low-frequency coherent phonons of A1g

1

symmetry are softened compared to the bulk (64.5 cm−1 at 1.3 nm compared
to 68 cm−1 at 55.8 nm). A concomitant increase of the high-frequency A1g

2

Raman mode is seen. X-ray diffraction analyses unravel an accompanying out
of plane stretch by 5%, mainly stemming from an increase in the Te-Te gap.
This conclusion is supported by density functional theory slab models, which
reveal a significant dependency of chemical bonding on film thickness.
Changes in atomic arrangement, vibrational frequencies, and bonding extend
over a thickness range much larger than observed for other material classes.
The finding of these unexpectedly pronounced thickness-dependent effects in
quasi-2D material Sb2Te3 allows tuning of the film properties with thickness.
The results are discussed in the context of a novel bond-type, characterized by
a competition between electron localization and delocalization.
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1. Introduction

The sesquichalcogenides Antimony-
Telluride (Sb2Te3), Bismuth-Telluride
(Bi2Te3) and Bismuth-Selenide (Bi2Se3)
are characterized by an attractive port-
folio of properties, which includes low
thermal conductivity, pronounced pho-
ton absorption, small effective masses,
and topologically protected surface states.
These characteristics are employed in
phase change (PC)- and thermoelectric
applications (TEs) as well as in the design
of novel spintronic devices based on their
3D topological insulating (TI) behavior.

This unconventional property combina-
tion has recently been attributed to their
chemical bonding. Sesquichalcogenides
like Sb2Te3, Bi2Te3, and Bi2Se3 utilize an
unusual bonding mechanism, coined as
metavalent bonding, which differs from
conventional covalent, metallic, and ionic
bonding.[1,2] It is characterized by a com-
petition between electron delocalization
(as in metallic bonding) and electron

localization (as in ionic or covalent bonding). This competition
and hence the bonding mechanism should be affected if these
chalcogenides are present in reduced dimensions, that is, as thin
films or small clusters. Hence, we have explored confinement
(thickness) effects in thin films of the sesquichalcogenide Sb2Te3.

For such films, intrinsic TI performance down to five
quintuple-layers (QLs) in Sb2Te3 or even two QLs in Bi2Te3
was demonstrated by in situ angle-resolved photoemission
spectroscopy.[3,4] Based on the successful synthesis of Bi2S3
nanosheets, recent density functional theory (DFT) studies con-
sidered orthorhombic Sb2X3 and Bi2X3 (X = S, Se, Te) mono-
layers as promising candidates for broadband and polarization-
sensitive photodetectors and proved their dynamical and thermal
stability.[5–7] In those thin films, quantum confinement effects
are expected and indeed have already been systematically stud-
ied in few quintuple nanoplatelets of Bi2Se3.[8] There, asymmet-
ric Raman line shapes have been ascribed to quantum interfer-
ence effects between discrete high symmetry phonon states and
an electronic continuum. A distinct softening of Longitudinal op-
tical (LO) -phonons was observed, which decreased with increas-
ing thickness D more slowly (Δ𝜔 ≈ 1/D) than expected for pure
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quantum interference effects (Δ𝜔 ≈ 1/D2). The reason for this
deviation and thus, the main cause of LO phonon softening re-
mains obscure.

This study exemplarily focuses on Sb2Te3 thin films grown by
molecular beam epitaxy (MBE) in a range between 1.3 and 56 nm.
Consequently, confinement effects have to be considered. In a
recent study, an unusual thickness-dependence of film proper-
ties has already been reported for the monochalcogenide Germa-
nium Telluride (GeTe).[9] Such monochalcogenides are charac-
terized by a number of unconventional properties, too. They pos-
sess a moderate electrical conductivity (𝜎 ≈ 102 − 104 S cm−1),
a large optical dielectric constant (𝜖∞ > 15), large Born effec-
tive charges (Z* ≈ 5 − 8) and large Grüneisen parameters
(𝛾 > 3). These properties have been attributed to their uncon-
ventional bonding.[2,10,11] For this bonding mechanism, a pro-
nounced thickness dependence of properties is expected. Indeed,
pronounced changes in atomic arrangement as well as optical
and vibrational properties were found for GeTe films as a func-
tion of film thickness.[9] Thus, discussing confinement effects
from a bonding perspective could be a promising approach to un-
derstand application-relevant property changes in sesquichalco-
genides, too.

Usually, sesquichalcogenide compounds are treated as van der
Waals (vdW) materials.[12] This nomenclature assumes that the
interlayer coupling between adjacent quintuple blocks is medi-
ated by weak vdW bonds. Yet, this wording is misleading. A
study on strain-engineering of Sb2Te3/GeTe superlattices clearly
distinguished the sesquichalcogenide compounds from ordinary
vdW systems like transition metal dichalcogenides (e.g., MoSe2,
MoTe2, WSe2, FeTe2), the latter of which has attracted growing
attention due to their spin-sensitive filtering capabilities in novel
electronic devices.[13,14] In most sesquichalcogenides, the cou-
pling between quintuple layers (QLs) is significantly stronger
than expected for vdW bonding. As a consequence, the spacing
of these gaps is significantly smaller. Both observations provide
evidence for a bonding mechanism that exceeds weak vdW bond-
ing. Furthermore, a detailed scanning transmission electron mi-
croscopy study on the stacking faults of layered chalcogenides
linked the perfect ordering with full crystallographic symmetry
found in MBE-grown Sb2Te3 thin films to its pronounced inter-
layer coupling.[15] On the contrary, hexagonal Ge4Se3Te exhibits
a large number of planar stacking faults due to its much weaker
vdW type interlayer coupling.

Consequently, the sesquichalcogenides mentioned above
should behave very differently from pure 2D systems like
graphene when confined to the nanoscale. In few layer graphene
(FLG), the close relation between electronic properties and layer
index is used to rapidly determine the layer number of AB-
stacked FLG by Raman spectroscopy of the 2D band.[16] How-
ever, changes in the Raman signal between four and five layers
are already hard to distinguish, different for Bi2Se3 nanoplatelets,
where thickness-dependent changes of the Raman signal of the
A1g

1 phonon mode remain up to more than ten QLs.[8]

We have thus studied the thickness dependence of opti-
cal phonons in Sb2Te3 films through time-resolved reflectance
changes upon illumination with femtosecond laser pulses, which
causes coherent phonon excitation. Interestingly, the literature
on coherent phonon excitation on ultrathin Bi2Te3 thin films
yields conflicting results. While the absence of coherent phonons

in thin films up to 10 nm thickness was reported, their observa-
tion in nano-confined structures, yet without any confinement
effect has been observed.[17,18] Therefore, we investigate the cor-
responding Transversal optical (TO) phonon-mode in ultrathin
Sb2Te3 films by means of femtosecond-laser coherent phonon ex-
citation using a common reflection type two-color pump-probe
experiment (pump: 800 nm, probe: 520/635 nm).

Femtosecond laser pulses offer an efficient way to simultane-
ously excite and detect coherent optical phonons in reflection
type pump-probe experiments.[19] In this scheme, two femtosec-
ond laser pulses are used: a high intensity “pump”-pulse opti-
cally excites the sample while a weaker “probe”-pulse measures
the reflectivity of the excited state with a certain delay. Tran-
sient reflectance traces with sub-picosecond temporal resolution
are obtained. In strongly absorbing materials, a temporally con-
fined pump pulse (𝜏 < 100 fs) can generate coherent optical soft
phonons in the THz range by the displacive excitation of coherent
phonons (DECP). This optical excitation mechanism is closely re-
lated to impulsive stimulated Raman scattering.[20,21] Exploiting
the dependence of the sample reflectivity R on the density of op-
tically excited carriers ne and the phonon-mode related atomic
positions Q for moderate pump fluencies

ΔR (t)
R0

= 1
R0

[(
𝜕R
𝜕ne

)
ne (t) +

(
𝜕R
𝜕Q

)
Q (t)

]
(1)

allows a precise coherent phonon mode quantification by means
of femtosecond real-time reflectivity measurements.[20]

Subsequently, confinement-induced trends with increasing
film thickness in the coherent phonon measurements are re-
lated to changes in the atomic arrangement. This arrangement of
the atoms has been investigated by comparison of X-ray diffrac-
tion (XRD) measurements and 1D kinematic diffraction simu-
lations without laser excitation. The experimental study is sup-
ported by Density Functional Theory (DFT) simulations focus-
ing on thin-film structure and bonding-related material proper-
ties upon changing confinement (film thickness).

2. Results

2.1. Coherent Phonon and Raman Spectroscopy

Transient reflectance data of Sb2Te3 are obtained for various thin
films ranging from 1.3 to 56 nm. The pump-probe measure-
ments are performed in isotropic and anisotropic (electro-optic
sampling) configuration at constant pump fluency.[22] Figure 1a
exemplarily shows the transient anisotropic reflectance for the
Sb2Te3 thin film of 6.6 nm thickness. As evidenced by the Fourier-
transform shown in the inset, oscillations of two distinct frequen-
cies contribute to the oscillatory behavior and can be identified as
coherent phonons of A1g

1 and Eg
2 symmetry.[23] Due to the tem-

poral resolution of the pump-probe setup, no indication of the
high-frequency A1g

2 mode is present in the data. To determine
the frequency and lifetime of the coherent phonons, we fit the
time-domain data to the following empirical equation.

ΔREO

R0
=

∑
A1g ,Eg

Ce−kt ⋅ Cos [𝜔t + 𝜑] +
3∑

l =1

Cl e−kl t (2)
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Figure 1. a) Results of transient anisotropic reflectance (electro-optic sampling) exemplarily shown for the 6.6 nm Sb2Te3 thin film. The corresponding
fit includes two damped harmonic oscillations. In electro-optic sampling, the isotropic transient reflectance is reduced while anisotropic changes are
highlighted. This enables the detection of Eg-symmetric phonon modes as shown by the Fourier spectrum in the inset. The frequency and lifetime of the
A1g

1 phonon mode are shown in (b,c). The corresponding values for the Eg
2 mode are shown in (d,e). In the thickest sample, the contribution of the

Eg
2 mode is too weak to be properly captured by the fit. While the frequency and lifetime of the totally symmetric A1g

1 mode drop with decreasing film
thickness, no trends are observable for the in-plane Eg

2 mode. The A1g
2 mode is not resolved due to the temporal resolution of the setup. Errors are

based on the fitting of multiple data sets.

including the damped harmonic oscillation at frequency 𝜔 and
scattering rate k of A1g

1 and Eg
2 symmetric coherent phonons

with oscillation amplitudes C. In addition, three contributions
are included to describe the response toward electronic excita-
tion and deexcitation, as well as a certain amount of lattice heat-
ing with distinct amplitudes Cl and scattering rates kl. Based on
fits according to Equation (1), coherent phonon modes are ana-
lyzed. The observed coherent oscillations agree well with those
reported in literature.[24,25] Clear thickness-dependent trends can
be deduced. As shown in Figure 1b, the out-of-plane A1g

1 mode
frequency distinctively drops with decreasing film thickness. A
concomitant decrease in coherent phonon lifetime is shown in
Figure 1c. Regarding the in-plane Eg

2 coherent phonon mode,
no clear thickness trends are observable as shown in Figure 1d,e.

Transient reflectance traces, measured on different sample
spots, are very reproducible. To determine the uncertainties
shown in Figure 1, multiple pump-probe traces have been
recorded for each sample.

Coherent A1g
1 phonon softening is confirmed by transient

isotropic pump-probe data featuring totally symmetric phonon
modes exclusively. The corresponding phonon frequency for
each sample is shown in Figure 2a. Raw data and fits are available
in the Supporting Information (Figure S2, Supporting Informa-
tion).

A clear drop in coherent phonon frequency is observed with
decreasing film thickness. The thickness-dependency starts at
around 10 nm. The phonon frequency of the thinnest sample
(1.3 nm) is about 5% smaller than the extrapolated bulk value of
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Figure 2. a) Coherent phonon frequency dependence on film thickness obtained from isotropic transient reflectance. A significant drop of the A1g
1-

frequency from the bulk value of 68 1 cm−1 is observed with decreasing film thickness. The blue line is a guide to the eye. Inset: Ionic displacement
pattern of the Raman-active phonon modes observed. b) Raman spectra obtained from various thin film samples. Each curve is normalized to the peak
intensity of the Eg

2 mode and vertically shifted for clarity. Vertical lines describe the Raman shift peak positions of the 14.1 nm film, facilitating the
identification of thickness trends. c) Thickness dependence of the Raman shifts of the out-of-plane (A1g

1, A1g
2) and in-plane (Eg

2) modes obtained
by Lorentzian curve fitting. The distinct coherent phonon softening is confirmed by Raman data of the A1g

1 mode. While no pronounced thickness-
dependent trends can be found for the Eg

2 phonon mode, a clear increase in the A1g
2 frequency toward ultrathin films can be identified. The phonon

frequencies obtained by DFT calculations, also depicted in the plot, exhibit similar trends.

68 cm−1. The drop in coherent phonon frequency is accompanied
by a decrease in the phonon lifetime (see Figure S1, Supporting
Information). To confirm the observed thickness-related trends
of the A1g

1 phonon mode, Raman spectroscopy measurements
at an excitation wavelength of 530 nm have been performed.
Figure 2b shows the corresponding spectra for various thin films.
The Raman spectra contain three distinct peaks at around 66,
109, and 165 cm−1 and can be identified as the A1g

1, Eg
2, and A1g

2

phonon modes, respectively.[23] The Eg
1 mode at a frequency of

40.7 cm−1 is not resolvable with the Raman setup utilized. The
dashed vertical lines in Figure 2b mark the Raman shift peak po-
sitions of the 14.1 nm sample. Figure 2c depicts the Raman shift
peak positions of each of the three phonon modes as a function
of film thickness. Very similar to the study of coherent phonons,
Raman spectroscopy reveals a univocal A1g

1 phonon mode fre-
quency decrease of 2.5% comparing the two thinnest samples
to the bulk limit. While the in-plane Eg

2 phonon mode does not
exhibit a distinct film thickness dependency, the high-frequency
A1g

2 mode hardens with decreasing film thickness. The uncer-
tainties presented in Figure 2c arise from the Lorentzian curve
fittings. Additionally, Figure 2c shows the phonon frequencies
obtained by DFT (PBE+D2; PBE, Perdew, Burke, and Ernzerhof)
calculations for film thickness up to 6 nm, which corresponds to 6
QLs. The data points are obtained by averaging over the frequen-
cies of the relevant A1g

1, Eg
2, or A1g

2 modes. The simulations can
adequately reproduce the softening of the A1g

1 modes and the
hardening of the A1g

2 modes.
To investigate the microscopic origin of the observed

confinement-related phonon-mode shifts, the following section
focuses on the atomic arrangement in Sb2Te3 ultrathin films
studied by XRD experiments.

2.2. Investigation of the Atomic Arrangement

2.2.1. XRD Analysis

Starting from the experimental 𝜃−2𝜃 diffractograms shown in
Figure 3a, the epitaxial nature of the thickness series of Sb2Te3
films is visible as only (00.3n) peaks are present in all films. In
addition, reflection high energy electron diffraction (RHEED), in
situ acquired during film growth (cf. Figure S6b, Supporting In-
formation), reveals crystalline growth as soon as the film depo-
sition starts. Laue oscillations are present in all films except for
the 55.8 nm sample, with an oscillation period corresponding to
the film thickness. This confirms that the films contain no grain
boundaries parallel to the surface enabling a single coherent op-
tical response (i.e., coherent phonon generation) from the whole
thin film. Reciprocal space maps, Angular RHEED and Phi scans
in Figures S6–S10, Supporting Information confirm the biaxial
texture of the films, similar to the work of Boschker et al.[26] Re-
garding the 55.8 nm sample, the growth mode has shifted from
epilayer growth in the beginning, toward spiral growth along a
screw dislocation, which promotes formation of a triangular pyra-
mid aligned to the substrate surface. Images of this sample com-
pared to thinner films are shown in Figures S4 and S5, Support-
ing Information. This growth mode has already been reported
for Sb2Te3 and Bi2Se3 films.[27,28] The deviation of parts of the
film from the substrate alignment can also be seen in the recip-
rocal space maps in Figure S9, Supporting Information. Since
the roughness of the thickest film is still below 10% of the film
thickness and the overall amount of mosaic patterns remains low,
totally symmetric coherent phonons can be observed even in this
sample.
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a)

b)

Figure 3. a) 𝜃−2𝜃 XRD data of the thin film series investigated. The films grow epitaxially along the (00.3n) direction. The existence of Laue oscillations
for all, except for the thickest sample, is indicative of smooth and coherent growth. Peak shifts toward lower Q values indicate an increase in the c–axis
for the thinnest samples. For a detailed discussion of these shifts, kinematic simulations are shown in b).

Considering the experimental 𝜃−2𝜃 diffractograms, diffrac-
tion peaks broaden upon decreasing film thickness and most
peaks shift to lower Q values. However, not all peaks shift
downward, the (00.15) and (00.18) peak positions do not shift
or even increase for ultrathin films. Both effects can be ex-
plained by studying the 1D kinematical XRD-simulations shown
in Figure 3b In these simulations, film growth starts with a full
quintuple. The thickest films are well described by bulk con-
ditions, that is, a repeating unit cell containing QLs separated
by pseudo vdW-gaps. Considering a single quintuple (thinnest
film), no gap is present in the structure, and the corresponding
diffraction condition changes. For films in between both edge
cases, this results in a continuous merging of the (00.15)–(00.18)
and (00.24)–(00.27) peaks when thin films are scaled down to-
ward a single quintuple. Thus, the good agreement between the-
ory and experiment gives evidence that the film growth indeed
starts with a full QL and hence a gap at the substrate-interface as
expected from Sb:Si surface without dangling bonds.

In Figure 4, the thickness dependence of the in-plane and
out-of-plane lattice constants of the Sb2Te3 films is plotted. The
c-lattice constant is determined from the peak positions of the
𝜃−2𝜃 diffractograms shown in Figure 3. The in-plane lattice con-
stant a is measured from XRD peaks with an in-plane com-
ponent and from evaluation of the RHEED images. Thickness-
dependent trends for both lattice constants are visible: the

Figure 4. In-plane (a) and out-of-plane lattice constant (c) for different film
thicknesses determined by XRD and RHEED analysis. The ultrathin films
show a distinct increase in the c-lattice constant up to 5% compared to
bulk, while the lattice constant a is compressed by roughly 0.5%.
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Figure 5. a) Bulk structure of Sb2Te3. The rhombohedral unit cell is indicated by the black rectangle. Black arrows describe the A1g
1 and A1g

2 -phonon
mode displacement patterns. b) Definition of Peierls and decoupling motif used to quantify different distortions along the c–axis. In the high symmetry
state, no separation between quintuple blocks exists as each z = const. atomic layer lies on the high-symmetry (0015)-planes separated by c/15 (light
grey lines). On the right, the Te-Te gap stems from a “decoupling” of quintuple blocks without affecting the atomic plane distances within the block.
Contrary, the Peierls motif, shown on the left, is defined as a shift of the outer Te atoms with respect to the high symmetry planes. The corresponding
shifts of atomic planes (PD and DC) are represented by blue arrows.

c-lattice constant increases for ultrathin films, while the a-lattice
constant slightly decreases.

To understand the observed coherent phonon softening in
terms of changes in the atomic arrangement, it is essential to
gain insights into the underlying distortions within the unit cell.
This is especially important for the c–axis, as this is the direc-
tion of the atomic displacement of the out-of-plane A1g

1 and A1g
2

phonon modes which exhibit pronounced thickness dependence.
To quantify such distortions within the unit cell, we define two
distinct motifs as shown in Figure 5b. In a virtual high symmetry
state, each atomic layer defined by z = const. is aligned to the high
symmetry planes equally spaced at c/15. Thus, in the high sym-
metry state, there is no distinct gap formed at the outer Te sites.
Upon increasing decoupling, quintuples shift away from each
other without affecting the atomic plane distances within each
quintuple block. The corresponding absolute QL shift is called
DC. Contrary, the Peierls distortion is defined as the shift of the
outer Te atoms with respect to the high symmetry planes and
is labeled PD. Consequently, PD is a measure of the distortion
within the quintuple. Both distortion types cause the formation
of quintuple blocks where the central Te-planes remain on the
(0015)-planes. In the following, two different coefficients will be
used to quantify the distortion motifs:

CPeierls =
c

15
c

15
− PD

DC = 0
→

dSb−TeC

dSb−TeE

(3)

CDecoupling =
c

15
+ 4

5
DC

c
15

− DC
5

PD = 0
→

dTeE−TeE

dSb−TeC

(4)

Following this definition, the high-symmetry state is defined
by CPeierls= CDecoupling = 1. The Sb2Te3 bulk structure shown
in Figure 5a exhibits a combination of both distortions and is
uniquely defined by four parameters: The Peierls- and decou-
pling coefficients CPeierls and CDecoupling and the lattice parame-
ters a and c. However, to parametrize the arrangement of atomic
planes perpendicular to the c–axis, the in-plane lattice constant a
is not required.

To distinguish both types of structural distortions in the dif-
ferent thin-film samples, it is necessary to understand how these
distortions affect the XRD patterns. Any shifts of atomic posi-
tions in the unit cell change the structure factor and in turn,
the peak intensities detected. Exploiting this relation, a system-
atic study of 1D-kinematic XRD simulations for the different
film thicknesses has been performed. Figure 6a shows several
simulated diffraction patterns with varying amounts of decou-
pling and Peierls coefficients in comparison with the experimen-
tal data of the 14.1 nm sample. The corresponding experimen-
tally determined peak intensity ratios integrated from reciprocal
space maps are shown in the diagrams in Figure 6b,c. To ob-
tain the distortion coefficients of the various thin films, simu-
lated (see Figure S11, Supporting Information) and experimen-
tally determined peak intensity ratios are compared (Figure 6d).
The resulting distortion coefficients are presented in Figure 6e
and corresponding trends of atomic plane distances are shown
in Figure 6f.

A proper determination based on experimental diffractograms
is possible for each sample except for the two thinnest films. The
comparison between experiment and theory yields distinct thick-
ness trends: The decoupling coefficient increases with decreasing
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Figure 6. a) XRD-patterns kinematically simulated for different amounts of decoupling and Peierls coefficients and decoupling compared to experimental
data (light orange) exemplified by the 14.1 nm film. The sharp peak at around 4.0 Å−1 stems from the Si(111)-substrate. Experimentally determined
peak intensity ratios b) 15/18 and c) 21/18 for the various thin-film samples. Both intensity ratios distinctively drop as the samples get thinner. d)
Numerical determination of distortion coefficients for various thin film samples. e) Thickness-dependence of Peierls and decoupling coefficients. Upon
decreasing film thickness, quintuples gradually decouple, while no distinct trend is discernible for the Peierls coefficient due to experimental uncertainties.
f) Thickness-dependence of atomic plane distances. The increasing lattice constant can be explained by the increase of the pseudo-van der Waals gap,
while a small distortion within the quintuple is visible as well. The black and grey error bars represent the evaluation of d) the lower/upper confidence
values from (b) and (c).

film thickness: it increases by roughly 10% comparing the 3.2 nm
Sb2Te3 film to the bulk state. Unfortunately, due to the limited
resolution of experimental data and the numerical methods em-
ployed, potential thickness-dependent trends of the Peierls coef-
ficient cannot be identified.

The uncertainties on the coefficients are correlated, denoted by
the different colors of the error bars. However, for the evaluation
of the atomic layer distances from the simulated coefficients and
measured lattice constants, the effect of the correlation is miti-
gated. Figure 6f shows the interatomic layer distances obtained

Adv. Funct. Mater. 2024, 34, 2307681 2307681 (7 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. Thickness-dependent changes of a) decoupling and Peierls distortion coefficient, b) lattice constants, and c) atomic layer distances using
the PBE+D3 approach (see Supporting Information for comparison with the PBE+D2 method). All values are averages over all similar sites in the
slab. Primarily, confinement leads to quintuple decoupling, however, a slight increase in the Peierls distortion is observed as well. Thickness-dependent
trends of the lattice constants are in line with XRD results. The main contribution to the increase of the c–axis is the Te-Te gap distance. Nevertheless,
the Sb─TeC atomic layer distance slightly increases as well.

from the model. The increase of the lattice constants with film
thickness can be attributed to the increase in the Tee–Tee gap dis-
tance, but also within the quintuples a slightly larger distortion,
given by the ratio of the two distances containing the Sb layers,
can be seen.

In summary, XRD provides evidence that the confinement-
induced increase in the c-lattice parameter mainly stems from
quintuple decoupling. This is accompanied by an increase in the
Te-Te gap. While hints of an in-quintuple distortion can be seen
in the modeled data, potential thickness-dependent changes of
the Peierls coefficient cannot be resolved experimentally, due to
the limited resolution of experimental data and the numerical
method employed. The following section covers the thin film
structure results obtained by DFT calculations to verify the thick-
ness trends observed and to study potential confinement-related
structural distortions within the quintuples.

2.2.2. DFT Simulations of Thin Film Structure

Upon studying the atomic arrangement and chemical bonding in
Sb2Te3 thin films with DFT, it is important to verify the adequate-
ness of the potentials chosen. We have compared two different
DFT methods (PBE+D2 and PBE+D3). The simulation results
shown in the following figures are based on the PBE+D3 method
because it reproduces the experimental c–axis value best. Never-
theless, PBE+D2 yields qualitatively similar trends, as shown in

the Supporting Information (see Table S2 and Figure S13, Sup-
porting Information).

The thickness of the simulated slabs is varied by chang-
ing the number of quintuple layers (NQL) from one up to ten.
Each QL consists of five atomic planes (cf. Figure 7). Figure 7
summarizes the most important structural properties of Sb2Te3
slabs as a function of film thickness after relaxation. In gen-
eral, the observed trends in the atomic arrangement depend on
the atomic layer position (layer index) along the (111)-direction,
with surface layers being more distorted compared to layers in
the middle of the slab. However, in compliance with the experi-
mental results from coherent phonon and XRD analysis, struc-
tural trends discussed in this section are obtained from averag-
ing over similar atomic sites within the simulated stack. A de-
tailed discussion distinguishing center- and surface-quintuples
will follow in the next section. The structural trends observed
with varying film thickness are in-line with the experimental
results: as the slab thickness decreases, quintuples decouple
which causes the out-of-plane lattice constant (c) to increase. Fur-
thermore, a slight increase in the Peierls distortion coefficient
can be found, which is, compared to the increase of the de-
coupling coefficient, an order of magnitude smaller. Addition-
ally, a slight decrease in the in-plane lattice constant (a) can be
observed as well. The increase of the out-of-plane lattice con-
stant (c) is mainly caused by an increase in the inter-quintuple
gap. The other plane distances are changing to a lesser ex-
tent, with Δ(Sb − TeE) being the most rigid and least changing
distance.

Adv. Funct. Mater. 2024, 34, 2307681 2307681 (8 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 8. a) Thickness-dependent atomic bond lengths for the three different bond-types and b) long-bond to short-bond ratio between Sb and Te atoms
within a quintuple.

Compared to experimental data, DFT calculations suggest an
increase in the c-lattice parameter which is smaller by a factor
of three. Therefore, changes in the distortion coefficients are
slightly smaller, too.

The significance of the increase of the Te-Te gap spacing
has been emphasized so far, based on XRD and DFT results
for few QLs of Sb2Te3. On the contrary, the role of intra-
quintuple distortions in the atomic arrangement has not yet
been discussed. As shown in Figure 7a, a slight increase in
the Peierls distortion coefficient for decreasing film thickness
can be observed. As the DFT-relaxed structures contain 3D in-
formation on the thin film atomic arrangement, it is worth-
while to check if the corresponding long-bond to short-bond ra-
tio of Sb increases as well. Figure 8a shows the three different
bond lengths as a function of film thickness. Both, Sb─Tec long-
bond length and Sb─TeE short-bond length shorten for the ul-
trathin films, with a stronger effect on the Sb─TeE short-bond.
The apparent discrepancy between plane distances and bond
lengths can be explained by the accompanied in-plane com-
pression. Contrary, the bond length across the Te-Te gap shown
in Figure 8a increases for thinner films with a higher magni-
tude compared to the intra-quintuple changes. Figure 8b shows
the long-bond to short-bond ratio of the local octahedral en-
vironment around the Sb atoms which slightly increases by 1
‰ upon reducing the film thickness from 10 to 1 nm. This
is an interesting finding: Even though both Sb bond lengths
decrease, the long-bond to short-bond ratio behaves like the
Peierls coefficient defined in Figure 5a. Thus, a definition of the
Peierls distortion based on the Sb bond lengths yields the same
trends compared to the definition based on layer distances used
above.

To conclude this section, DFT simulations on the atomic
arrangement of few-quintuple Sb2Te3 films unraveled a
confinement-induced increase in the lattice constant (c) which
arises from an inter-QL decoupling that goes along with an in-
creased Peierls distortion. Presumably, these results are caused
by a weakening of the Te─Te bonds in between the quintuples
and a strengthening of the shorter bonds within the quintuples.
To further evaluate this hypothesis, the next section focuses
on the relation between structural confinement effects and
corresponding trends for chemical bonding and their potential
impact on thin film properties.

2.3. Thickness-Dependent Thin-Film Properties

To understand the changes in atomic arrangement observed in
Sb2Te3 thin films, a quantum chemical bonding analysis is per-
formed. Extending the quantum theory of atoms in molecules
to crystalline solids, different chemical compounds have been
classified by two real numbers used as bonding descriptors.[1]

To derive both quantities, the crystalline solid is subdivided into
nonoverlapping domains. By integrating the electron density
over such a domain, the so-called domain population is obtained.
Normalizing the domain population by the atomic number yields
a measure for the number of electrons transferred (ET) between
two adjacent atoms. Complementary, the second bonding de-
scriptor stems from the delocalization index providing a mea-
sure for the electron sharing (ES) between adjacent atoms. As
summarized in the review, changes in the Peierls-like distortion
as discussed above, mainly affect the ES value.[2] Thus, the ES
between adjacent atoms is considered to characterize bonding
(further details provided in the review).[2] In Sb2Te3, there are
three pairs of adjacent atoms: Sb─TeC, Sb─TeE, and TeE─TeE.
Thus, three values of ES have been evaluated. In addition, DFT
calculations have been carried out to investigate the thickness-
dependence of the Born effective charge Z*, a measure for the
chemical bond polarizability. High values of Z* are characteris-
tic of compounds with a large electron-phonon coupling, thus,
studying Z* in Sb2Te3 thin films is interesting with respect to
the coherent phonons observed over a wide thickness range. The
thickness dependence of ES and Z* will be compared to trends
in the atomic arrangement quantified by the distortion motifs in-
troduced in Section 2.2.1. The confinement-induced changes of
each quantity, that is, CPeierls, CDecoupling, ES and Z* are investi-
gated with respect to three different averaging methods: The av-
erage over the whole slab, the average of QLs close to the surface,
and close to the center, respectively.

Figure 9a,b shows the thickness-dependence of the structural
distortion coefficients. A pronounced increase in the decoupling
coefficient in the slab models is visible in comparison to the bulk.
The two quintuple models can be described with a value of about
1.15, and larger models are slowly converging toward the bulk
value of 1.125. Changes in the decoupling coefficient are found to
occur homogeneously, no distinct deviations between center and
surface QLs can be observed. Contrary, considering the Peierls

Adv. Funct. Mater. 2024, 34, 2307681 2307681 (9 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 9. DFT results for the thickness-dependence of structural (left) and bonding-related properties (right) of Sb2Te3 thin films considering the surface
(circles) and center (triangle) quintuples and the overall average (diamonds). The respective quantities are plotted as a function of film thickness
expressed by the number of QLs. a,b) Structural distortion coefficients behave differently considering surface and center QLs. While QL decoupling
occurs homogeneously throughout the thin films, the Peierls-coefficient is larger at the film surface compared to the center for films containing more
than four QLs. c) The absolute value of the in-plane component of the Born effective charge (Z*) increases monotonously with increasing film thickness
at each atomic site. d) Electrons shared (ES) values of the three different bond types in Sb2Te3. Electron sharing across the Te-Te gap homogenously
increases with increasing number of QLs (red) while electron sharing between Sb and the central Te merely depends on thickness. The average ES-value
of the Sb─Te short-bond decreases with increasing film thickness while larger ES-values are observed at the slab surface.

distortion, differences between surface and center QLs are found
in the same order of magnitude as the average changes of the co-
efficient. While the average value of CPeierls increases for thinner
films, the corresponding surface values are slightly decreasing.
The respective center value, which is generally below the surface
value by about 0.001 is only increasing below 6 QLs. Consider-
ing the difference of CPeierls between bulk and surface, it is obvi-
ous that changes in the Peierls distortion arise inhomogenously
throughout the Sb2Te3 thin film. This is presumably indicative of
surface reconstruction effects. To determine whether the distor-
tion of the buried atomic layers has an effect on surface measure-
ments, simulated STM images of the different layer slabs have
been generated and shown in Figure S14, Supporting Informa-
tion. All images recover the pristine 1 × 1 Te surface, which is
also observed in STM measurements of Sb2Te3.[3] Yet, the sur-
face charge density of the thinnest film STM simulations (Figure
S15, Supporting Information) is slightly increased compared to
the 9 quintuple slab model.

Confinement-induced trends of the absolute value of the in-
plane component of the Born effective charge |Z∗

xy|, which is a
typical fingerprint of metavalently bonded systems if the value is
much larger than the formal charge, are plotted in Figure 9. For
each atomic site, |Z∗

xy|, is decreased by about 10% for the 1 quin-
tuple model and converges toward the bulk value with increas-

ing film thickness. with the most pronounced increase found in
Sb and Te-center atoms. Te-edge atoms are least affected by slab
thickness. For each atomic site, center values exceed the surface
values, with the differences again being least pronounced for Te-
edge.

Finally, Figure 9d shows the ES values for each bond type. Al-
though the value is decreased for the ultrathin films compared
to the bulk, it is still much larger than 0. The significant shar-
ing of electrons across this gap is indicative of a pronounced
interaction between quintuples. This finding supports the view
that the bonding across the gap is stronger than in purely vdW-
bonded systems. A homogeneous and continuous increase of
the ES value of the Te-Te gap with increasing film thickness is
found, indicating a stronger QL interaction across the gap in
the thicker films. Consequently, changes in the localization of
electrons between QLs cannot be considered as an interface ef-
fect but emerge as an inherent confinement effect of metavalent
solids. Regarding the Sb─Te long-bond, no significant thickness-
dependent changes can be

observed very different from the corresponding short-bond,
whose ES value markedly decreases when films get thicker. In-
terestingly, those changes differ between slab center and surface:
surface ES values are larger compared to the center ones, as the
distortion is increased.

Adv. Funct. Mater. 2024, 34, 2307681 2307681 (10 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 10. The dielectric function of various Sb2Te3 thin films obtained from spectroscopic ellipsometry. To focus on optical transitions in the visible
spectrum, the Drude contribution is excluded in the plot. A distinct reduction of 𝜖2,max is observed in ultrathin films.

2.4. Investigation of the Optical Response to the Confinement
Effect

The preceding sections shed light on the subtle interplay between
bonding and thin-films structural distortions in thin Sb2Te3
films. Ultrathin films exhibit more pronounced structural dis-
tortions compared to thicker films in turn resulting in a higher
ES-value at the quintuple interfaces and a lower value of elec-
trons shared in between the quintuples. In previous work, it is
claimed that the dielectric function of metavalently bonded ma-
terials is tunable by thin-film thickness.[9] There, distinct varia-
tions of bonding with film thickness have been identified to cause
those property changes in metavalent materials with a rocksalt
high-symmetry structure such as Sb or GeTe. A larger Peierls
distortion in those materials was found to reduce the orbital
overlap reducing the matrix element for the transition between
available initial (occupied) and final (unoccupied) states. Thus,
it is worthwhile to explore the potential to tune optical proper-
ties of confined metavalently bonded sesquichalcogenides. For
this purpose, the averaged (isotropic) dielectric function of the
Sb2Te3 films was fitted from spectroscopic ellipsometry data and
is shown in Figure 10. In order to properly discuss the optical
transitions in the visible spectrum, the Drude contribution is sub-

traced and only the resulting dielectric function is depicted in the
plot. The maximum of 𝜖2 decreases to 40 in the thinnest films and
gradually recovers to 70 in the thicker films. A similar trend was
also reported for thin films of Bi2Se3.[29] The DFT-based orbital
resolved dielectric function is an efficient tool to link the observed
structural distortions to variations in the absorption quantified
by the maximum of 𝜖2. The orbital resolved dielectric function
of bulk Sb2Te3 is calculated and shown in Figure 11. Similar to
the situation in monochalcogenides, the optical response of bulk
Sb2Te3 in the visible region is governed by p–p transitions.

The bonding analysis in the previous part shed light on the sig-
nificant bonding contribution across the quintuple gaps. Thus,
optical transitions based on gap-crossing orbitals exist, if occu-
pied and unoccupied states are available in the bands correspond-
ing to those orbitals. Figure 11b shows the orbital projection from
the DOS calculated for the 5-QL slab model. The projection of
Te-orbitals is split between central and edge Te sites. The contri-
butions of the first maxima in the DOS below and above EF are
the initial and final states of the maximum in the optical tran-
sition, respectively. The major contribution to the unoccupied
states stems from Sb-p orbitals and the Te edge p-orbitals. In con-
trast, the occupied states are governed by the Te p-orbitals from
all sites, with a small contribution from the Sb s-orbitals. Thus,

Adv. Funct. Mater. 2024, 34, 2307681 2307681 (11 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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a) b)

Figure 11. a) Orbital resolved dielectric function and b) calculated projected density of states of bulk Sb2Te3 obtained by DFT simulation. The data is
averaged over all directions to facilitate the comparison with experimental data. The optical response is governed by p–p transitions. For the central Te
atom, transitions to adjacent Sb atoms are available. For the edge Te atoms, transitions are available both to the Sb atoms and to Te atoms on the other
side of the gap.

optical transitions involved in the maximum of the dielectric
function are indeed transitions from Te p-like states from all sites
to the Sb p-like states and transitions from Tep-like states at the
edges to Te p-like states from the neighboring Te at the gaps.

Consequently, orbital overlap reduction across the gap and
within each QL reduces the transition rate due to Fermis golden
rule and in turn the materials’ optical absorption. Orbital overlap
across the gap can be tuned by the quintuple decoupling while
intra-quintuple overlap is tunable via Peierls-distortion.

However, as evident from Figure 10, even in ultrathin films,
the thin film’s absorption is quite pronounced (𝜖2max ≈ 40). Due
to the inversion symmetry of the quintuples, the bond angle
of the Sb-Tec-Sb trimer is fixed at 180°, and the overlap is less
affected by distortions, which could explain the relatively high
residual value of 𝜖2max observed in the ultrathin films.

3. Discussion

In the last section, distinct thickness-dependent trends of struc-
tural and physical properties in Sb2Te3 thin films have been iden-
tified and compared to changes in the chemical bonding. Simi-
lar to a recent study about pronounced confinement effects of
the metavalently bonded monochalcogenide GeTe, the observed
scaling effects in crystalline Sb2Te3 thin films can be linked to the
peculiar position of MVB materials in the bonding map between
metallic and covalent systems.[9,30] In this region of the map,
chemical bonding is characterized by a competition of electron
localization and delocalization which can be strongly affected by
material confinement. However, due to its structural anisotropy,
Sb2Te3 behaves quite differently from GeTe if present in reduced
dimensions. In rhombohedral GeTe, where only one bond-type
needs to be considered, confinement leads to an increased ES
between adjacent atoms inducing an increased Peierls distortion
and distinct changes in structural, vibrational, and optical prop-
erties. In contrast, as three different bond-types have to be distin-
guished in Sb2Te3, relating thickness-dependent trends of chem-
ical bonding to structural and physical properties needs further
distinction. Therefore, to identify correlations between chemical

bonding, structural distortions and physical properties of Sb2Te3
thin films, surface, center, and average values have to be distin-
guished as shown in Figure 9.

Following this argument, two correlations between the chem-
ical bonding descriptor ES and the structural distortion coef-
ficients can be identified. The first correlation concerns the
ES value of adjacent Te edge atoms on the one hand and the
decoupling coefficient on the other hand: thickness-dependent
trends of both quantities occur throughout the thin film (see
Figure 9a,d) indicating that QL decoupling in ultrathin films is
induced by less ES between Te edge sites.

In contrast, thickness-dependent trends of ES between adja-
cent Sb and Te edge atoms as well as the Peierls distortion arise
inhomogenously as can be seen in Figure 9b,d. This correlation
is reasonable as an increased Peierls distortion by definition leads
to decreased Sb─TeE atomic plane spacings as can be seen from
Figure 5b, indicating a more rigid bonding between these atoms.
Generally, metavalently bonded systems suffer a larger Peierls
distortion when pushed toward more covalent character, for ex-
ample, reaching larger ES values either via stoichiometry vari-
ations or by confinement.[2] Consequently, surface QLs with a
more pronounced Peierls distortion show larger ES values (ES
> 1.2) compared to the center QLs (ES < 1.19).

Large values of the Born effective charge |Z*| are indicative of
a pronounced chemical bond polarizability and have been iden-
tified as a typical fingerprint of metavalently bonded materials.
On the contrary, covalent systems, characterized by larger Peierls
distortions and larger ES-values, typically possess smaller Born
effective charges.[10] Considering the average values throughout
the whole films, the reduction of the Peierls distortion corre-
lates with the increase of the Born effective charge as expected
for thicker films. This change is accompanied by smaller intra-
quintuple ES-values. Furthermore, for each atomic site, |Z*| val-
ues are larger, and confinement-induced dropping of |Z*| is most
pronounced for the quintuples at the center of the slab which fits
the observations found for the Peierls distortion. These findings
demonstrate the strong correlation between the Peierls distortion
and corresponding thin film properties.
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In crystalline GeTe thin films, Raman measurements have
demonstrated a distinct increase of the A1-mode frequency
with decreasing film thickness which has been linked to a
confinement-induced phonon stiffening caused by the stronger
Peierls distortion found in ultrathin GeTe films.[9] Contrary to
those observations, the coherent phonon frequency of the out-
of-plane A1g

1-mode in Sb2Te3 thin films decreases with decreas-
ing film thickness. Interestingly, similar observations have been
made for nanoplatelets of the metavalently bonded compound
Bi2Se3 and attributed to weaker effective restoring forces across
the van-der-Waals like gap in ultrathin samples.[8] Along this
line of reasoning, we attribute the confinement-induced coher-
ent phonon (A1g

1 symmetry) softening found here to the pro-
nounced quintuple decoupling causing the effective restoring
force on the outer Te and Sb atoms to decrease. In contrast to the
A1g

1 phonon mode, the A1g
2 mode frequency markedly increases

in ultrathin films with decreasing thickness. Out of the three dif-
ferent bond lengths in Sb2Te3, the Sb─TeE intra-quintuple bond
length is most strongly affected by atomic displacements of A1g

2

symmetry. Contrary to the decoupling motif which quantifies the
interaction between two quintuples, the Peierls motif describes
changes in the bond lengths within the quintuple. Consequently,
the stiffening of the A1g

2 symmetric phonon mode observed in
thinner films can be attributed to the corresponding increase of
the Peierls distortion.

The direct observations of thickness-dependent distortions of
Sb2Te3 thin films are also intriguing concerning properties of
topologically non-trivial states. As topological surface states of
Sb2Te3 (TI) are protected by spatial inversion symmetry, a phase
transition between normal insulator and TI is expected, which is
consistent with the collapse of topological surface states at ultra-
thin films (<5 nm).[31] In conjunction with our precedent study
on ultrathin GeTe, exotic properties of GeTe/Sb2Te3 superlattice
are expected to be clarified such as spin battery and superior
memory performances.[32,33] Notably, this performance improve-
ment critically depends on the thickness of the sublayers and is
experimentally optimized, but underlying mechanisms are not
yet discussed. [GeTe 0.8 nm/Sb2Te3 1 nm] films are best for the
spin battery while [GeTe 0.8 nm/Sb2Te3 4 nm] films are most
suited for memory application. Bonding properties depending
on the thicknesses of sublayers in the competition between co-
valency and metavalency apparently shed light on the underly-
ing mechanisms of optimized thicknesses of sublayers.

Furthermore, due to their non-volatile multilevel switching-
ability, phase-change memories have been revisited recently to
realize in-memory computing hardware based on integrated pho-
tonic cells.[34] Based on their high-bandwidth, wavelength di-
vision multiplexing ability, and vanishing amorphous drift, in-
tegrated photonic phase-change memory cells yield attractive
properties potentially surpassing the performance of electric
phase-change memory devices. However, considering energy-
consumption, integrated photonic phase-change cells lack effi-
ciency due to the limited scaling ability of SiN waveguides.[35]

Switching from SiN to AlN waveguides with improved scaling
abilities brings along the necessity to identify phase-change ma-
terials with low losses and high optical contrast in the visible
spectral range. This turns out to be challenging as phase-change
materials are typically used in the infrared due to their low opti-
cal bandgap. Generally, substituting the anion-site in tellurium-

based PCMs with lighter chalcogens increases the bandgap. Con-
sequently, the covalent systems Sb2S3 and Sb2Se3 have been pro-
posed for photonic applications in the visible spectral range.
However, as the moderate optical contrast in those systems does
not stem from a change of the bonding mechanism but from the
huge density contrast between amorphous and crystalline state,
using Sb2S3 and Sb2Se3 potentially limits the cells cycling en-
durance and signal-to-noise ratio.[36] To avoid these limitations,
pronounced confinement-related changes in the bandgap energy
in colloidal GeTe nanoparticles have been exploited to tune the
optical properties for photonic applications of GeTe in the visible
spectral range.[37] Recent studies on monatomic phase-change
memories highlight the confinement-related tuneability of crys-
tallization kinetics of elemental antimony and its relevance for
electrically switching phase-change memory cells.[38,39] The dis-
tinct correlation between optical properties and film thickness
discussed in the previous section emphasizes the confinement-
related tuning abilities of Sb2Te3 and potentially triggers fur-
ther investigations with respect to the applicability of Sb2Te3
nanoparticles for integrated photonic devices working in the vis-
ible spectral range. To that end, further studies on the thickness-
dependency of crystallization kinetics and the stability of the
amorphous phase at room temperature are desirable.

4. Conclusion

Pronounced THz-rate oscillations in the transient reflectivity sig-
nal of few-nanometer crystalline Sb2Te3 thin films were found
and identified as DECP of A1g

1-symmetry. A distinct drop in co-
herent phonon frequency for ultrathin films has been observed
and linked to a quintuple-decoupling as identified by XRD analy-
sis. DFT simulations on the thin film structure revealed an in-
creased Peierls distortion for decreasing film thickness which
was found to be closely related to the thickness dependence of
thin film properties. The observed confinement-induced vibra-
tional, structural, and property-related changes have been dis-
cussed in terms of a novel bonding mechanism that has been re-
cently introduced to explain the extraordinary properties of many
chalcogenide-based functional materials with applications rang-
ing from phase-change memories to thermoelectric devices. The
distinct confinement effects observed in Sb2Te3, and emerging
tuning abilities have been linked to the optimization of interfacial
phase-change memories, TI-devices, and photonic applications.

5. Experimental Section
Sample Preparation: Sb2Te3 thin films studied in this work were pre-

pared by MBE on a high quality 35 mm × 35 mm Si (111) substrate (N/Ph
doped, 3–10 kΩ cm resistivity). Prior to substrate insertion in deposition
chamber, the substrates were cleaned through standard RCA cleaning pro-
cess followed by oxide removal via submersion in 1% hydrogen fluoride
solution. In the last step, the substrates were rinsed in deionized water
and dried using nitrogen gas. This creates a weak H-passivated layer on
top of Si that enables suitable transfer from wet bench to the deposition
chamber. Before deposition of Sb2Te3, the surface of Si was reconstructed
to Sb termination (Si(111)-(√3 × √3) R30◦- Sb), which was evidenced
by the recognizable RHEED pattern. Sb termination was chosen to have
the least number of rotational domains and bigger grain size to disregard
the possible artifacts due to grain boundaries. Deposition was performed

Adv. Funct. Mater. 2024, 34, 2307681 2307681 (13 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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at ultra-high vacuum conditions (base pressure ≈ 10−10–10−11 mbar) on
the substrate maintained at 150 °C. Sb2Te3 was grown under Te rich condi-
tions with flux ratio of Sb:Te= 2:5 which provides growth rate of 15 nm h−1.
Growth was monitored using Reflection High Energy Electron Diffraction
(RHEED) imaging and the variation of in-plane constant with thickness
was calculated post deposition.

After the deposition, Sb2Te3 films were transferred to the oxide deposi-
tion chamber (without breaking the vacuum) where Al2O3 was deposited
on top using electron-beam evaporation. Substrate was rotated at 6 rpm
to deposit the oxide layer homogeneously. Al2O3 was deposited to avoid
surface oxidation upon transfer of samples from MBE to other analysis
tools.

Femtosecond Pump-Probe Reflectivity Measurements: Ultrafast optical
measurements were performed using a common reflection type, two color
pump-probe experiment in isotropic and anisotropic (electro-optic sam-
pling) scheme. The pump-beam of 800 nm wavelength and 90 fs width
was decoupled from a Ti:Sapphire regenerative femtosecond amplifier,
harmonically chopped at 375 Hz, and guided to an optical delay line be-
fore it was focused on the sample to a spot-size of 60 μm diameter. The
probe pulses were frequency converted to 520 nm (isotropic scheme) and
635 nm (anisotropic scheme) by an optical parametric amplifier and fo-
cused to a 30 μm spot on the sample. In isotropic sampling, the detection
unit includes two balanced Si-photodiodes connected to variable gain cur-
rent amplifiers, and a data-acquisition card; the signal detection scheme
is adapted from ref. [40]. All measurements were performed at the same
pump fluency at the order of 1 mJ cm−2 while the probe fluency was smaller
by a factor of 10. To avoid long-term sample modification during mea-
surement, a fresh sample spot was adjusted for each delay position. Un-
physical correlations between sample spot position and delay setting were
prevented by a random walk. Furthermore, the anisotropic transient re-
flectance was calculated from the s- and p-polarized components of the
reflected light using the electro-optic detection scheme.[22]

ΔREO =
Δ
(
Rs − Rp

)
R0

(5)

A polarizing beamsplitter cube was used to split the reflected probe
beam correspondingly. Anisotropic measurements were performed at a
probe-wavelength of 635 nm. In the EO-scheme, the pump-fluency was
reduced such that measurements could be performed on a single spot for
optimized signal-to-noise ratio. Both, isotropic and anisotropic transient
reflectance was normalized to the steady state reflectance R0. Reversibil-
ity of optical excitation was ensured by monitoring the static reflectivity
gained by the probe signals when the pump-pulse was chopped. Addi-
tionally, light microscope images were taken to identify potential sample
modifications; no such indications could be found.

Raman Spectroscopy Measurements: The Raman spectroscopy mea-
surements were acquired in backscattering geometry and conducted at
room temperature, using a commercial WITec system (alpha300). A laser
with a wavelength of 532 nm (2.33 eV) was used for excitation, which was
delivered through a single-mode optical fiber. By employing a long work-
ing focusing lens with a numerical aperture of 0.80, the spot size of ≈400–
500 nm was obtained. The excitation power was set to 500 μW, to avoid
heating effects. For detection, a single-mode optical fiber and a charge-
coupled spectrometer with a grating of 2400 lines mm−1 were used. All
measurements were performed with linear laser polarization and a 50×
(NA = 0.7) objective.

X-Ray Reflection/Diffraction Measurements: For the XRR measure-
ments and theta-2-theta measurements, a Bruker D8 Discover with a Cu
K𝛼,1 radiation source (1.5406 Å) was used. Theta 2 theta measurements
were done with a Goebel mirror, a 0.6 mm slit, a (220) Ge monochromator,
an automatic rotary absorber on the incident beam, and a LynxEye detector
in the 0-D mode with an active area of 0.675 mm on the detector side.

The thickness of the thin films was obtained from XRR measurements
which were performed with 0.1 mm slits instead. The reciprocal space
maps were taken on a Rigaku SmartLab X-Ray Diffractometer equipped
with a HyPix-3000 2D detector which was preset to 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 curves were
fitted with Pseudo-Voigt profiles. The lattice parameters were determined
by means of a linear regression. The XRR measurements were analyzed
with a 2-layer model in GenX (see Figure S3 and Table S1, Supporting In-
formation).

The kinematical diffraction simulations were performed with the Sim-
Stack class in MATLAB [https://zenodo.org/badge/DOI/10.5281/zenodo.
4386528.svg], generating 50 individual atomic stacks and the diffraction
pattern I(Qz) for each stack. The resulting incoherent superposition was
multiplied by a geometric function I ∝Nscatterer∝sin𝜃2 to account for the
changing sample illumination during the measurement.

For the integration of the diffracted intensities, the measurements were
plotted in reciprocal space and a region of interest (ROI) was defined
around the peaks. The background within the ROI was estimated by aver-
aging the background intensity on both sides of the ROI. Error Bars on the
Integrated Volume arise from calculating the background intensity from
a weighted average with the weights 1/4 and 3/4 and vice versa. The ROI
and the area for background calculation were kept constant across all sam-
ples. Error bars on the further data were propagated from evaluation of the
lower/upper values of the integrated volume.

DFT Studies: All calculations on thin films were performed us-
ing the plane wave code pw.x included in the Quantum Espresso
package.[41] Scalar relativistic projector-augmented-wave pseudopoten-
tials were used. The PBE form of the generalized gradient approximation
was employed.[42] Since PBE cannot properly describe the weak vdW type
interactions in layered materials, two semiempirical vdW corrections (D2
and D3) were included to improve the description.[43] A vacuum region of
thickness ≈20 Å was added to decouple the periodic images of the slabs.
As regards the sampling of the Brillouin zone, an 8 × 8 × 1 mesh was
used for all the thin-film models. For phonon calculations, density func-
tional perturbation theory was used as implemented in the ph.x code of
the Quantum Espresso package. In this code, phonon calculations for the
PBE-D3 functional are not yet implemented. Thus, PBE-D2 was used to
compute the frequencies shown in Figure 2c. Additionally, STM simula-
tions have been conducted using the post-processing step of Quantum
Espresso. Visualization of STM simulations was done using the open-
source software VESTA. Structural relaxation was performed on a 12 × 12
× 1 hexagonal slab supercell model. The following calculation parameters
were used: convergence threshold on total energy for ionic minimization:
1.0 e-5 (a.u.), convergence threshold on forces for ionic minimization:
1.0e-4, convergence threshold on the pressure for variable cell relaxation:
0.5 kbar, kinetic energy cutoff for wavefunctions: 50 Ry, kinetic energy cut-
off for charge density: 500 Ry, convergence threshold for self-consistency:
1.0e-12.

Electron share values were quantified as two times the corresponding
bond order, which was calculated using the density-derived electrostatic
and chemical (DDEC6) approach.[44]

The electronic structure calculations were conducted using DFT, uti-
lizing optimized norm-conserving Vanderbilt pseudo potentials as im-
plemented in the Quantum Espresso software packages.[41,45] GGA-PBE
exchange-correlation functionals were used for the computation.[42] The
energy cutoffs exceeded 100 Ry for all calculations. An 18 × 18 × 18 k-point
grid was utilized for the calculation of the band structure. More Informa-
tion about the DFT structures, including a comparison to experimental
values of Bulk Sb2Te3

[46] can be found in the Supporting Information
Dielectric Function Data: Ellipsometry spectra were measured on a

J.A.Woollam M-2000UI spectroscopic ellipsometer. The deuterium and
halogen lamps served as the sources of illumination for the setup. A silicon
CCD camera detected visible and ultraviolet light, while an InGaAs diode
array captured lower energy photons. In total, 584 channels with an aver-
age of 7 meV resolution over 0.72 to 5.14 eV were available. The reflectance
data were collected by FTIR and fiber grating over 1000 to 40 000 cm−1

range (Vertex 80v, Bruker). Dielectric functions of samples were derived us-
ing a three-layer model (capping/thin film/substrate) through matrix for-
malism in the CODE software. The dielectric function of the Sb2Te3 thin
films was described by employing a summation of a constant dielectric
background along with Tauc-Lorentz oscillators and Drude contributions,

Adv. Funct. Mater. 2024, 34, 2307681 2307681 (14 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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similar to the data processing in previous studies.[9] The contributions of
ellipsometry spectra and reflectance spectra to the fitted dielectric function
were weighted by a factor to make them contribute equally to the mean
squared deviation. A Downhill simplex method was employed for the un-
constrained optimization. All the parameters were fitted to convergence.

Atomic Force Microscopy: Atomic force microscopy measurements
shown in the supplement were taken by a Nanoscope Dimension 3000
and were analyzed using Gwyddion. The scan lines shown in the images
were aligned with the “matching” algorithm. Roughnesses were calculated
from 5 × 5 micron images, while 2 × 2 micron are shown in Figure S5, Sup-
porting Information to highlight different morphologies.

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