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Bond Confinement-Dependent Peierls Distortion in

Epitaxially Grown Bismuth Films
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Simone Ritarossi, Jan Kéttgen, Lucas Bothe, Jonathan Frank, Carl-Friedrich Schén,
Yazhi Xu, Dasol Kim, Julian Mertens, Joachim Mayer, Riccardo Mazzarello,

and Matthias Wuttig*

A systematic study of the impact of film thickness on the properties of thin Bi
films is presented. To this end, epitaxial films of high quality have been grown
on a Si (111) substrate with thicknesses ranging from 1.9 to 29.9 nm.
Broadband optical spectroscopy reveals a notable decline in the optical
dielectric constant and the absorption peak height as the film thickness
decreases, alongside a shift of the absorption maximum to higher photon
energies. Raman and pump-probe spectroscopy show that the phonon mode
frequencies increase upon decreasing film thickness, with the in-plane mode
frequency rising by 10% from the thickest to the thinnest sample. The X-ray
diffraction analysis reveals an increasing Peierls distortion for thinner films,
explaining the observed property changes. Quantum chemical bonding
analysis and density functional theory calculations show that the properties of
thin bismuth are influenced by the interplay between electron localization and
delocalization, characteristic of metavalently bonded solids. This study shows
that for solids that utilize metavalent bonding, a thickness reduction leads to
significant property changes. The effect can even be employed to tailor
material properties without the need to change material stoichiometry.

group of 2D pnictogens has emerged,
alongside well-known graphenel'?l and
has revealed surprising material proper-
ties. A recent study, for example, has
shown 2D ferroelectricity in single-element
bismuthene.[}! Furthermore, calculations
and measurements have demonstrated that
monolayer bismuth exhibits impressive
thermoelectric properties, showing a high
figure of merit.**] Within this monolayer,
the material adopts a buckled honeycomb
structure. In addition, bismuth has been
shown to behave as a quantum spin Hall
insulator, making it an interesting 2D topo-
logical insulator.!*®] Besides the recent dis-
coveries concerning 2D bismuth, ongoing
research is revealing new potential appli-
cations for the bulk material, including
the observation of superconductivity in sin-
gle crystals at ambient pressurel’ and its
use as material in battery technology.['"]

1. Introduction

The exploration of monoatomic single-layer 2D materials has
significantly broadened the portfolio of properties and appli-
cations of monoatomic materials. Over the past decade, the

The simple synthesis of bismuth nanopar-

ticles extends these ranges even further.'!]

Interestingly, there is a fundamental difference between
graphene and bismuthene. Multilayer graphene (if not twisted)
employs weak coupling between adjacent layers. Hence, the
properties do not change drastically upon the transition from
monolayer films to bulk samples. This is very different for
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bismuth, which is a semiconductor as a monolayer, but a
semimetal as a thick film / bulk sample.['?] Hence, we expect to
find pronounced property changes in films with increasing film
thickness. The investigation and subsequent understanding of
property changes as a function of film thickness is the goal of the
present study.

Notably, recent research on properties predominantly focuses
either on the monolayer 2D material realm or on bulk materi-
als. The transition from bulk to monolayer materials is rarely
discussed, and when it is, studies tend to concentrate on individ-
ual properties or measurement techniques like ellipsometry!'?!
or electrical transport.['* A thorough investigation of the develop-
ment of property trends and the underlying origin, however, have
not yet been the focus of investigation. Since bismuth serves as
a quintessential model system in femtosecond (fs) pump-probe
spectroscopy, owing to its structural sensitivity toward ultrafast
charge carrier excitation,['>8] thin films have been probed exten-
sively using fs pump-probe methodology.l2!] On the one hand
these observations spark considerable interest to exploit bismuth
as a functional material platform.[?2l On the other hand, a com-
prehensive understanding of the bulk-to-monolayer transition is
still missing. This is the focus of the present investigation.

With this goal in mind, we have fabricated Bi films using
molecular beam epitaxy (MBE) to guarantee optimal crystalline
texture and film quality. Our focus has been on layer thicknesses
below 10 nm, with some thicker layers included. The study em-
ployed broadband optical characterization across a broad spec-
tral range to ascertain the dielectric properties of the thin films.
Additionally, the dynamics of light-matter interaction on ultra-
short time scales and the corresponding lattice dynamics were in-
vestigated using anisotropic optical fs pump-probe spectroscopy
and Raman spectroscopy. Moreover, we utilized advanced struc-
tural analysis techniques. This approach allows for a compre-
hensive examination of the Peierls distortion, with a particu-
lar focus on the ratio of long to short bonds. The structural
distortion of the material is intricately linked with its elec-
tronic band structure, thereby directly influencing its physical
properties. Furthermore, a quantum chemical bonding analysis
was conducted to elucidate the bonding mechanism within the
material.

2. Results

2.1. Epitaxially Grown Ultrathin Bismuth Films

Ultrathin bismuth films were produced via MBE on a Si (111)
1 x 1 - Bi terminated surface. During this process, a total of 15
samples were generated, covering a film thickness range from
1.9 to 29.9 nm. The 1 X 1 Bi passivation layer creates an inco-
herent interface, as can be observed in the transmission electron
microscopy (TEM) image in Figure 1a.*2*] The large distance
between Bi film and passivation layer implies that the underly-
ing coupling is very weak. The weak coupling prevents forma-
tion of a significant strain in the Bi film. The resulting incoher-
ence of the interface is also evidenced by the absence of misfit
dislocations, which would be expected for the existing lateral lat-
tice mismatch of 18% and the deposited film thickness, which is
certainly above the critical thickness for strain relaxation. This
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is in contrast to the behavior observed in /3 X 1/3 — § Bi or
7 % 7 Bi reconstructed surfaces, for which a significant strain
has been reported.?>-28] Structural characterization of our sam-
ples has been performed using X-ray diffraction (XRD). The mea-
sured 6—26 diffractograms illustrated in Figure 1b, show the ex-
cellent texture of all films, as demonstrated by the exclusive pres-
ence of trigonal (0003n) peaks across all samples. This shows that
all films grow with trigonal structure. Owing to the high smooth-
ness and crystalline quality of the thin films, Laue oscillations
within the diffraction pattern remain visible up to a Q, value of
5.25 A~ and are without notable dephasing. This indicates an
almost perfect alignment of the scattering planes perpendicular
to the c-axis of the crystalline unit cell shown in Figure S1 (Sup-
porting Information). A widening of the peaks with decreasing
layer thickness is observable throughout the entire diffractogram.
This phenomenon can be attributed to the finite size effect due to
the small film thickness. The coherent scattering length derived
from the Laue fringes corresponds to the mean film thickness
obtained from X-ray reflectivity (XRR) measurements. This en-
sures a uniform optical response throughout the film, as all Bi
bilayers are parallel to the surface. This uniformity is crucial to
obtain a strong coherent phonon signal. Previous studies of sam-
ples grown with the same parameters!®* have shown that indeed
a columnar growth without grain boundaries in the growth di-
rection is observed. We have adopted these growth parameters
for the present study.

The out-of-plane alignment of the films is investigated further
through the use of reciprocal space maps (RSM) of the (0003n)
peaks. |Q| integrated profiles along @ demonstrate a high degree
of grain alignment, as illustrated in Figure S1 (Supporting Infor-
mation). The width of these peaks is a measure for the alignment
of the (0003n) peaks parallel to the surface. A comparable full
width at half maximum (FWHM) of 0.1 ° is observed for all sam-
ples, indicating that the film quality is similar for the full range
of film thicknesses. This is corroborated by the peak width in the
RSMs for four representative film thicknesses, as illustrated in
Figure 1c—f. Figure S2 (Supporting Information) depicts scan-
ning electron microscope (SEM) images of two samples of 1.5
and 12.5 nm thickness, which demonstrate a high surface quality
of the epitaxial films. Electron backscattering diffraction (EBSD)
measurements were conducted to examine the in-plane texture
and mean grain size. Figure S3 (Supporting Information) illus-
trates the resulting grain orientation map of the 12.5 nm sam-
ple. Two distinct in-plane orientations are evident: the dominant
(1100) orientation, which exhibits grains of multiple microme-
ters in size, and the less dominant (0110) phase, which describes
the twin domain. These domains are prominent in the @-scan
in Figure 1g, which also shows additional rotational domains at
27.5 and 30, not detectable with XRD and EBSD in films thinner
than 3.9 nm. An azimuthal RSM of the 8.9 nm sample (Figure
S4, Supporting Information) provides further insight. In addi-
tion to the aforementioned domains, a residual fiber texture is
present in the sample. Nevertheless, over 88% of the sample is
covered by the primary and twin domains. As the other samples
exhibit an even higher primary to rotational domain ratio, their
alignment is even better. A further confirmation of this behavior
is demonstrated by a grain orientation map with a higher resolu-
tion (Figure S3, Supporting Information).
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Figure 1. a) The STEM data of a bismuth film, namely a cross-sectional HAADF image acquired along the Si (110) projection, offers insights into the
incoherent interface between Bi bilayers and the 1 x 1 Bi passivation layer. b) Various 6—260 XRD data of the thin film series investigated. The films are
grown epitaxially along the (0003n) direction. The existence and number of Laue oscillations is indicative of smooth and coherent growth. Peak shifts
toward lower Q, values show an increase in the c-axis for the thinnest samples. Symmetric reciprocal space maps across the (0003) peak for ) 29.9 nm
d) 17.1 nm e) 3.9 nm, and f) 1.9 nm film thickness. g) Logarithmic plot of the ¢ scans of the (0112) peak over 360° shows a biaxial texture with three
peaks from the primary and three peaks from the twin domain. In the thicker films additional rotational domains can be seen which are much weaker.

2.2. Optical Response to the Decrease in Film Thickness

The high structural quality across the range of film thicknesses
under investigation is beneficial for the subsequent determina-
tion of optical properties. It facilitates the exploration of vari-
ous physical properties as a function of film thickness, since the
impact of film imperfections can be ignored. In the following,
optical properties will be presented and discussed, which have
been measured over a broad spectral range from far-infrared to
near-ultraviolet wavelengths. The measured reflectance data are
shown in Figure S5 (Supporting Information). The results of the
fitted reflectance data are presented as the real part (Figure 2a)
and the imaginary part (Figure 2b) of the dielectric function for
numerous film thicknesses.

To simplify a discussion of the interband transitions between 1
and 2 eV, the Drude contribution has been subtracted here. The
data with the Drude contribution, as well as the Drude contri-
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bution only, of all thicknesses can be found in the supporting
information.

At first, the optical dielectric constant ¢, is discussed. As de-
picted in Figure 2c, it is evident that ¢ decreases significantly
upon decreasing film thickness. The optical dielectric constant
€., is defined at frequencies significantly higher than the phonon
resonance but lower than the next natural frequency of the crys-
tal, which is associated with bound electronic transitions in the
visible and ultraviolet regions. For non-metals, the reported val-
ues of e, are particularly high.[?9-31]

Subsequently, attention is directed toward the height and the
position of the absorption maximum. As shown in Figure 2d,
g, reaches 100 for the thickest layers and progressively
decreases to a value of =60 for thinner layers. Concomi-
tantly, the energy E(e,™®), at which the absorption maxi-
mum occurs shifts significantly from 0.8 to 1.2 eV for thinner
layers.
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Figure 2. The real part a) and imaginary part b) of the dielectric function of various bismuth thin films obtained by optical spectroscopy. To focus on
optical transitions in the visible spectrum, the Drude contribution is subtracted in both plots. c) The optical dielectric constant e, at the low frequency
limit and d) the absorption maximum e,™M# decrease sharply upon decreasing film thickness. The absorption maximum is blue-shifted toward thinner

films.

2.3. Lattice Dynamics Response to the Decrease in Film
Thickness

The changes observed for the dielectric function are indicative
of changes of the electronic band structure with film thickness.
Such changes are presumably governed by changes of bonding.
Thus, both the photoexcitation process and the lattice dynam-
ics are expected to undergo concomitant changes. To study these
changes, transient reflectivity data are obtained, employing re-
flection type fs pump-probe measurements. Thus, insights into
the dynamic response of charge carriers and the crystalline lat-
tice to external stimuli can be determined. The measurements
were conducted in both isotropic and anisotropic configurations
(electro-optic (EO)-sampling),??! covering a range of pump flu-
ences, extending from 0.1 to 1.0 mJ cm=2.

In Figure 3a, the isotropic transient reflectivity for various thin
film samples is shown. Each curve is normalized to its maximum
excitation amplitude and vertically shifted for clarity. The coher-
ent excitation of the A;, phonon mode is visible for all samples,
even for the thinnest film. The entire set of data can be found in
the supporting information.

In order to determine the frequency of the coherent phonons,
we employed data fitting in the time domain, utilizing damped
harmonic oscillations. Furthermore, three exponential contribu-
tions were incorporated to describe the response to electronic
excitation and deexcitation, as well as lattice heating. The data
aligns well with a damped harmonic oscillator model, enabling
the identification of the phonon frequencies. This analysis is
performed systematically on samples exposed to various pump
fluences. As an example, the influence of the pump fluence

Adv. Mater. 2024, 2416938 2416938 (4 of 14)

is shown in the EO sampling of the 12.5 nm thick sample in
Figure S10 (Supporting Information). A redshift of the A, and
E, phonon modes with increasing pump fluence is visible in
the Fourier spectrum in the inset. Figure 3D illustrates the A;,
frequencies resulting from the damped oscillator fits plotted
against the pump fluence shown exemplarily for four different
thicknesses.

A linear relationship between fluence and mode frequency is
evident. The magnitude of the frequency redshift varies with film
thickness: it is moderate in the thickest samples, but more pro-
nounced in the thinner samples. Specifically, the A;, mode fre-
quency of the 3.5 nm sample decreases by 20% by increasing
the pump fluence from 0.1 to 0.7 m] cm~2. This effect dimin-
ishes slightly for the even thinner samples, whose frequencies
are shifted to higher values in comparison to those of the 3.5 nm
sample. To disentangle film thickness effects from pump fluence
effects, these data points are extrapolated to a fluence approach-
ing zero. To achieve this, a linear regression analysis is applied
and shown as dashed lines. At the zero-fluence limit, a thickness-
dependent phonon frequency blueshift is visible.

As a next step, Raman spectroscopy provides vibrational
mode information without optical pre-excitation and thus directly
probes the film thickness effect. The corresponding spectra of
various thin films are depicted in Figure 3c. For the thickest
samples, the Raman spectra exhibit two distinct peaks at 73 and
100 cm™, which can be attributed to the E, and A,, phonon
modes, respectively.33] For better comparability, each curve is
normalized to the peak intensity of the E, mode and shifted ver-
tically. Dashed vertical lines pinned to the peak position of the
thickest sample are shown.

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. a) Isotropic transient reflectivity for a number of thin film samples. Each curve is normalized to its excitation amplitude and vertically shifted
for clarity. The excitation of the coherent A;, phonon mode is visible in each curve. b) The softening of the phonon mode for increasing excitation fluence
is clearly recognizable for the layer thicknesses shown, but varies in magnitude. By extrapolating to vanishing fluence, a hardening of the mode toward
smaller layer thicknesses is visible. ¢) Raman spectra derived from a variety of thin film samples, with each curve normalized to the peak intensity of
the E; mode and vertically displaced for improved visualization. Vertical lines are employed to indicate the Raman shift peak positions of the thickest
sample. d) The Raman shift peak position of the predominant E; mode (violet diamonds) unveils a significant phonon mode hardening as the layer
thickness decreases below 7 nm. The same trend is evident for the second peak within the spectrum, revealing an increase in the frequency of the A,y
phonon mode (violet circles). Frequencies obtained by Lorentzian curve fitting. The same trend is obtained by zero-fluence extrapolation of the phonon
softening of the transient reflectivity, shown in orange. Dashed horizontal lines represent the literature bulk values.[*3]

It is noticeable that both modes undergo a blueshift when the
film thickness is reduced. It can be seen that the frequency of the
E, mode changes more strongly upon reduction of film thickness
than the A;, mode. While the latter has a smaller amplitude for
most samples, it becomes dominant for film thicknesses below
3.5 nm. Interestingly, this also denotes the range beyond which
we are unable to discern the E, mode using the EO sampling
in real-time measurements. The detailed trend of the intensity
ratio of both modes with respect to layer thickness as well as the
measurements for all samples can be found in the supporting
information.
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Figure 3d presents the precise Raman peak positions of both
modes with respect to the film thickness of the measured films,
showing the substantial blueshift of the phonon modes with de-
creasing layer thickness. The resulting phonon frequencies of
the Raman measurements are shown in light purple and the re-
sults of the zero fluence extrapolation (ZFE) pump probe analy-
sis are shown in orange. Notably, the frequency of the E, mode
(diamonds) in the thinnest layer increases by 10% compared
to the frequency in the thickest film. The increase starts when
the thickness falls below 7 nm and persists continuously toward
the thinnest film thicknesses. A similar trend is evident for the
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Figure 4. a) In-plane lattice constant a and out-of-plane lattice constant c for different film thicknesses determined by XRD analysis. The ultrathin films
show a clear increase in the clattice constant up to 2% over a thickness range of 30 nm, while a decreases by roughly 1%. Reference bulk data is
shown as the horizontal dashed lines.34] DFT calculations for free-standing slabs are shown as open circles and diamonds. b) The layer distances are
illustrated with downward-pointing filled triangles for d,,,, and upward-pointing filled triangles for di,,. DFT calculations are shown as open triangles.
The methods consistently indicate that the inter-bilayer distances increase. The inset is a depiction of half a unit cell - when viewed along the a-direction
—and the defined inter- and intra-bilayer distances. c) Resulting Peierls distortion defined as the ratio of long to short bonds Rjon/Rgport Within the unit
cell. A strong increase in the distortion motif toward thinner films is clearly visible. d) The determination of inter- and intra-bilayer distances involves
comparing the measured data with a simulation of the distorted unit cell. As can be observed, the simulations are in good agreement with the data.

A, phonon mode (circles). Specifically, the frequency of the A,
mode in the thinnest layer increases by 5% compared to that in
the thickest layer. Uncertainties on the phonon frequencies re-
sult from the Lorentzian curve fitting for Raman spectroscopy
and from the damped harmonic oscillator and additional ZFE
fitting for pump-probe spectroscopy. For the sake of clarity, er-
ror bars are not included if their size is smaller than the mark-
ers displayed. To our knowledge, such agreement between mea-
surement results from Raman spectroscopy and optical fs pump-
probe spectroscopy with ZFE has not been reported before. The
significant blueshift of the phonon frequencies for reduced film
thicknesses is qualitatively validated by density functional the-
ory (DFT) calculations. More details on those calculations can be
found in the supporting information.

2.4. Investigation of the Atomic Arrangement and the Peierls
Distortion

Based on the pronounced blueshifts observed in the frequencies
of the two phonon modes, it is reasonable to infer that the atomic
arrangement within the trigonal phase undergoes clear changes
as the film thickness decreases. For further examination, we re-
visit the results depicted in Figure 1. The diffraction peaks in the
0—20 diffractograms shift to smaller Q, values, i.e., to higher lat-
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tice constants, with decreasing thickness. The dashed gray lines
marking the peak positions of the 29.9 nm film serve to empha-
size the shift in the out-of-plane lattice constant. This shift is a
direct consequence of a change of atomic arrangement with film
thickness and is also well visible in the different Q, values of the
RSMs.

The dependence of the in-plane and out-of-plane lattice con-
stants on film thickness is illustrated in Figure 4a. The lattice
constants for the thickest sample slightly deviate from the es-
tablished literature values for trigonal bulk phase of bismuth (a
= 4.55 A and ¢ = 11.86 A, denoted by the horizontal dashed
lines).?* The c lattice constant deviates upward by about half
a percent, while the a lattice constant deviates downward by
half a percent. Previous studies have demonstrated that ther-
mal treatment can induce similar variations in the bulk lattice
constants.[**] Tt is noteworthy that the c-lattice constant of the
bismuth films converges toward the bulk value at even thicker
film thicknesses (see Figure S13, Supporting Information). The
values for thinner samples change gradually, so that the c lattice
constant for the thinnest sample shows an increase of 2% com-
pared to the thickest sample. This represents a significant change
in unit cell height, which is particularly noteworthy because it
doesn’t occur abruptly. The lattice parameter already shows a
growing deviation from the bulk value in the 10-20 nm thickness
range. As the film thickness decreases further, the magnitude of
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this effect also increases. At the same time, the reduction of the
in-plane lattice constant a is less pronounced, with a change of
1% compared to the value of the thickest film.

While the ¢ lattice constant in the ultrathin film regime in-
creases from 11.97 to 12.17 A, the a lattice constant changes are
less pronounced below 5 nm.

One potential explanation for the observed trends is the ad-
justment of the bismuth in-plane lattice constant to the template
on which itis grown, thereby minimizing lattice mismatch. How-
ever, our findings are incompatible with this hypothesis. A strain-
induced tetragonal distortion of the lattice would suggest a cou-
pled change of the in-plane and out-of-plane lattice constants.
However, since the change in the out-of-plane lattice constant is
significantly larger than that in the in-plane direction, an alterna-
tive explanation for the observed change in the out-of-plane lattice
constant must be sought. Further, the TEM analysis reveals an in-
coherent interface between the passivation layer and the Bi film,
which demonstrates a very weak coupling between film and sub-
strate. Moreover, there are no indications of misfit dislocations,
which would be expected to occur for the 18% misfit between
Si and Bi in the presence of compressive strain. There is no evi-
dence of a gradient in the in-plane lattice constant, which would
suggest that it is smaller in proximity of the substrate and then
increases gradually toward the center of the film.

Furthermore, the absence of a strain effect is corroborated
by the distinct domain orientations observed. As illustrated in
Figure S4 (Supporting Information) and detailed in Section 2.1,
the majority of grains are oriented in the (1100) direction and its
twin domain. However, rotational domains are also present at ¢
=27.5° and 30 °, and a residual fiber texture is observed. These
grains all exhibit the same in-plane lattice constant. In contrast,
for a strained film, we would expect to observe different lattice
constants for the different rotations, due to the differing coinci-
dence points with the substrate lattice.

Given these observations, we conclude that compressive strain
from silicon substrates cannot explain the behavior seen in bis-
muth films studied here. Instead, we attribute it to a thickness-
dependent equilibrium position of atoms and an evolving energy
landscape. For the thickest films, the remaining discrepancies be-
tween the measured and literature values of the lattice constants
can be attributed to the (weak) interaction between the film and
the substrate.

In the following step, we assess the changes in atomic layer
positions within the unit cell. To do this, we focus on the in-
tensity ratios of the diffraction peaks. This intensity ratio is gov-
erned by the inherent trigonal distortion pattern. The unit cell
exhibits a deviation from the cubic high-symmetry structure, re-
sulting in the formation of bilayers. This phenomenon is known
as Peierls distortion and sometimes denoted as the pairing of
hexagonal planes.**%”] To quantify the Peierls distortion the bond
length ratio (Ryyng/Ryuor) is used. For large values of Peierls dis-
tortion of 1.2 and more typical covalent semiconductor behavior
is expected, while values below are connotated with metavalent
behavior.[*839 The ratio can be calculated with the distance within
a bilayer d, ., the distance between the bilayers d, ., and the a
lattice constant, as shown in Figure S14 (Supporting Informa-
tion).

To investigate the atomic layer spacings and their evolution
with decreasing film thickness, kinematic scattering theory, in
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conjunction with RSMs, proves to be a valuable approach.[*]

Variations of the Peierls distortion within the unit cell induce
changes in the structure factor and consequently affect the peak
intensities observed in the measurements. In the cubic arrange-
ment, the (0003) peak is forbidden due to destructive interfer-
ence. An increasing Peierls distortion will lead to a gradual in-
crease of the (0003) intensity, while the (0006) peak intensity de-
creases. Therefore, measuring the intensity ratio of both peaks
and comparing it to simulations is a suitable method to obtain
interplanar distances.

In order to determine a 1D profile of the totally scattered inten-
sity the measured RSMs are integrated over the measured angles,
including a background subtraction. The comparison of the inte-
grated RSMs and the corresponding simulation is shown exem-
plarily for two film thicknesses in Figure 4d. This analysis allows
the determination of the corresponding inter- and intra-bilayer
distances for each film thickness, as depicted in Figure 4b. The
comparison of experimental data and simulations reveals a clear
trend in thickness: The inter-bilayer distances d, ., increase sig-
nificantly as the films reach their minimum thickness, while the
intra-bilayer distances d, ., show a slight decrease.

Figure 4c shows the Peierls distortion in the bismuth films as
a function of film thickness. It can be seen that this parameter
adequately reflects the increase of the distortion pattern toward
thin films. It is noteworthy that bismuth is situated in a region of
Peierls distortion, which is commonly associated with the bond-
ing mechanism of metavalent bonding, an aspect that will be dis-
cussed in more detail in the following (Section 2.5).138] This dis-
tortion is observed to be more pronounced in the thinnest sam-
ple, indicating a clear shift toward the covalent bond boundary.*!
The values in terms of fractional lattice spacings are provided in
the Supporting Information.

The experimental results are compared to those obtained from
DFT calculations of free-standing slabs with varying thicknesses.
Similarly, an increase in the clattice constant is observed for these
slabs, which appears to be even more pronounced than in the ex-
perimental data. The discrepancies observed may be attributed to
differences in the modeling approaches employed between XRD
and DFT. A semi-empirical van der Waals correction has been
applied, whereas the XRD is constrained to averages. The intra-
and interlayer distances as a function of layer index are presented
in the supporting information. In general, the surface layer ex-
hibits greater distortion than the other layers, yet the inner part
also differs from the bulk. With regard to the a lattice constant,
a slight and gradual decrease is observed as the slabs become ul-
trathin. In comparison to the extent of the alterations in the out-
of-plane lattice constant, these changes are relatively minor. To
further investigate the impact of the absence of the Si substrate
in the simulations, a series of calculations that also consider the
Si substrate were conducted. As illustrated in Figure S15 (Sup-
porting Information), the incorporation of the Si substrate in the
simulation results in a reduction in the effect strength, while the
trends remain.

In summary, the ¢ lattice constant of the unit cell as well as the
Peierls distortion increases for the ultrathin films. In addition,
DFT calculations confirm the trends of these results. The DFT
results, shown as open markers in Figure 4, are consistent with
the observed trends of increasing Peierls distortion with decreas-
ing film thickness. The observed discrepancy can be attributed to
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Figure 5. Relationship between atomic structure, chemical bonding, and physical properties through an analysis of quantum chemical bonding. a) A
map that separates distinct bonding mechanisms based on the transfer and sharing of electrons between adjacent atoms. The green area of the map
covers the bismuth phases, where bonding is characterized by an interplay between localization and delocalization. The cubic high-symmetry phase leans
toward greater electron delocalization (more metallic), while the thin films tend toward enhanced electron localization (more covalent) with decreasing
film thickness. In the upper right corner schematic representations of the analyzed bismuth structures, including the cubic Pm3m, the trigonal R3m in
bulk, and a phase matching the distortion of the ultrathin films are shown. On the right side, a comparison is presented for four different properties
calculated for the three bismuth phases: b) effective coordination number (ECoN), c) optical dielectric constant (e,), d) energy of the absorption peak

(E(e,™%)), and e) the corresponding absorption strength (e,™%).

the elevated intralayer distances observed in the calculated struc-
tures. This results in a larger ¢ lattice constant and a smaller
Peierls distortion.

2.5. Quantum Chemical Bonding Analysis

Metavalent-bonded materials are characterized by a special com-
petition between the tendency to delocalize electrons (metallic
bonding) and the tendency to localize electrons (covalent bond-
ing). The limited magnitude of the Peierls distortion in solids
like GeTe and Sb,Te,, as well as Bi are indicative for this com-
petition. Reducing the film thickness automatically changes the
balance between both trends as has already been shown for GeTe
and Sb,Te,.[*1*2] Tt is tempting to speculate that the same mech-
anism is at play in Bi films. To confirm or refute this hypothesis,
quantum chemical bonding descriptors can be employed.

Two key descriptors, the number of electrons transferred (ET)
and the number of electrons shared (ES), serve as independent
indicators of bonding. The atomic lattice is divided into non-
overlapping domains (Bader basins) and the electron density is
integrated over these domains to determine the domain popu-
lation, which yields the relative number of electrons transferred
after division by the formal oxidation state. Additionally, the de-
localization index (DI), which represents the number of shared
electron pairs between adjacent atoms, can be calculated by uti-
lizing the two-electron density. By mapping these descriptors,
known bonding mechanisms can be effectively categorized. The
introduction of a certain property as the third dimension demon-
strates the potential for designing specific material properties.[*]

Figure 5 shows the interplay of atomic arrangement, chem-
ical bonding, and the resulting properties. The map spanned
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by the two bond descriptors is shown in Figure 5a. The struc-
tural motifs examined, illustrated in the upper right corner, show
zero ET, as typical for monoatomic materials. With an ES value
range between 1 and 1.5, the material exhibits metavalent bond-
ing, resulting from the interplay of electron localization and de-
localization. In the virtual cubic phase, linear chains of p-orbitals
form throughout the material, embodying the ideal metavalent
bonding with approximately one electron (half an electron-pair)
shared between two atoms. The Peierls distortion in bulk bis-
muth reduces the p-orbital overlap, elevating the effective co-
ordination number (ECoN) averaged ES value.**] This averag-
ing illustrates that while the total ES value remains constant,
the electrons progressively shift toward the shorter bond and
consequently into the bilayer as the distortion increases. In ad-
dition, the ES values of short and long bonds for center and
surface are compared in the supporting information. Reduc-
ing the film thickness further amplifies the distortion, increas-
ing ES as the p-orbital overlap decreases. Preliminary indica-
tions of this phenomenon have already appeared in the litera-
ture, where the behavior of bismuth layers is characterized as
“semicovalent”.[?’]

To further substantiate the occurrence of metavalent bonding
in bismuth, recent experimental findings reveal that elemental
bismuth displays an unusual chemical bond rupture, a phe-
nomenon explored with atom probe tomography (APT), with a
specific focus on laser-assisted field emission.[*] This investiga-
tion considers two processes: the probability of molecular ions
(PMI), indicating the likelihood of molecular ions evaporation
over single (atomic) ions, and the probability of multiple events
(PME), which refers to the correlated field-evaporation of more
than one fragment upon laser- or voltage pulse excitation.
Notably, bismuth demonstrates a bond breakage comparable
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to mono- and sesquichalcogenides. Consequently, the study
suggests the presence of the same unconventional bonding
mechanism in bismuth as in these chalcogenides, which is
metavalent bonding.[*!

The three cases depicted on the material map (virtual cubic
Pm3m, bulk trigonal R3m and a R3m phase matching the dis-
tortion of the ultrathin films) can be systematically analyzed in
terms of their properties using DFT. This allows us to determine
whether the changes in optical properties are due to the increas-
ing distortion and the associated changes in chemical bonding.
The right side of Figure 5b—e shows four properties: the effec-
tive coordination number (ECoN), the optical dielectric constant
(€s), the maximum absorption strength (e,m*), and the corre-
sponding photon energy (E(e,™*)). The reduction of the ECoN
from 6 to 4 with increasing Peierls distortion suggests a change
from a perfectly octahedral to a defective or distorted octahedral
bonding environment. Notably, the measured trends in the op-
tical dielectric constant, absorption strength, and associated en-
ergy (as shown in Figure 2) are observed to be replicated by the
calculations. When the distortion is completely removed (cubic
phase), the trend persists even further. This highlights the sig-
nificant dependence of the optical properties of bismuth on the
degree of Peierls distortion.

3. Discussion

Thin bismuth films have been shown to display pronounced
changes of their properties with decreasing film thickness from
the bulk limit to 1.9 nm thin films. A reduction in the optical di-
electric constant and the height of the absorption maximum is
observed with a decrease in layer thickness. Concomitantly, the
absorption peak undergoes a shift toward higher photon ener-
gies. Both phonon modes, the in-plane E, mode, and the out-of-
plane A;, mode, exhibit a blue shift for thinner films. This ef-
fect is more pronounced for the in-plane E, mode. Additionally,
the unit cell volume increases for the thinnest films, while the
inter-bilayer distance increases and the intra-bilayer distance de-
creases. This results in a more pronounced Peierls distortion for
the ultra-thin films.

These pronounced property changes are not seen in typical el-
emental semiconductors like Si or Ge. In Bi films, these changes
are linked to significant changes in bonding, i.e., a bond confine-
ment effect. As thickness decreases, systematic bonding changes
lead to increased Peierls distortion and atomic volume. This be-
havior is a unique characteristic of metavalent bonding, where
electron localization competes with delocalization, as reflected
in their room-temperature electrical conductivity.*#*’] Depend-
ing on the film thickness, electron localization, and delocaliza-
tion are adjusted to achieve the corresponding energy minimum
Dby altering the atomic equilibrium position. This behavior is well
documented for thin GeTe layers.[*°! This can also be described
in terms of the layer thickness dependence of the cohesive en-
ergy per atom.l*] It is important to note that the observed effect
is not strain related. It is also significantly larger than would be
expected from surface or interface effects alone. The aforemen-
tioned metavalent composites GeTe and SnTe have already been
shown to exhibit these properties by means of DFT calculations,
where the structure of thin films of these materials shows sig-
nificant deviations from the bulk phases, even at thicknesses ex-
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ceeding 18 bilayers.[*’l This phenomenon is also observed in the
Bi thin films of this study.

The bond confinement results in variations in optical and
vibrational properties. The localization of electrons within the
bilayers results in fewer electrons between them, reducing in-
terlayer coupling and causing the unit cell to expand out-of-
plane. While crystal symmetry remains unchanged, this expan-
sion increases distortion motifs while simultaneously enhanc-
ing coupling strength within the bilayers—in-plane direction—
evidenced by a substantial increase in phonon mode frequency.
Consequently, since the out-of-plane phonon mode must coun-
teract this increased coupling, a higher restoring force leads
to an elevated mode frequency in the out-of-plane direction as
well.

In addition to its strong influence on the phonon band struc-
ture, Peierls distortion also affects the electronic band structure.
This influence is evident when the optical properties are exam-
ined in addition to the quantum chemical bonding analysis. The
half-filled outer p-orbital in the electron configuration of bismuth
indicates that the electronic band structure near the Fermi en-
ergy is dominated by the overlap of these p-orbitals. As the struc-
tural distortion increases and deviates further from the cubic
high symmetry phase, the directional, chain-like p-orbital over-
lap decreases. The resulting change in band structure is reflected
in the density of states and correlated absorption behavior of the
material, as depicted in Figure 6. The majority of the occupied
states below the Fermi level and most of the unoccupied states
above the Fermi level originate from the p-orbitals. Therefore, the
optical transitions that contribute to the maximum of the imag-
inary part of the dielectric function are primarily p-to-p orbital
transitions.

While examining the phonons in real-time, we uncovered an
additional effect related to film thickness. Previously, the increas-
ing redshift of the A;, mode frequency with excitation inten-
sity toward thin films could be attributed to the higher density
of excited charge carriers present in thin films.[*®] However, we
have observed that this trend only persists up to 3.5 nm. Be-
yond this thickness, a contrary trend emerges. The amplitude
ratio of the two modes in the Raman shifts changes within the
same range of film thickness. Additionally, the in-plane mode
becomes undetectable in anisotropic EO sampling. This indi-
cates that in these ultra-thin films, the excess energy from car-
rier excitation is initially mainly converted into the excitation
of the out-of-plane mode, while the in-plane mode is less fa-
vored. In addition, we have succeeded in resolving the super-
imposed redshift and blueshift of the phonon frequencies using
the simple method of ZFE. This shows that the displacive exci-
tation of coherent phonons (DECP) model for minimal atomic
displacements is consistent with the Raman scattering process,
wherein atoms oscillate around their initial lattice positions.
This discovery facilitates the analysis of superimposed effects
in ultrafast transient reflection measurements. For even thin-
ner layers (three and four bilayers), a comparable blue shift of
the E, mode was reported, while the A;, phonon peak exhib-
ited a splitting and underwent a red shift in comparison to the
bulk.[*]

These findings showcase the significance of film thickness
as a tunable parameter in the modulation of properties in
pnictogens. This is relevant for the advancement of functional
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Figure 6. Density of states (DOS) per unit cell and atom for a) the bulk phase and b) the phase matching the distortion of the ultrathin films. The DOS
of the bulk phase shows a slightly broader p-orbital contribution, indicating greater electron delocalization. In the distorted case, bond confinement
leads to increased electron localization and a narrower band. Orbital resolved imaginary part of the dielectric functions of c) the bulk phase and of d)
the phase matching the distortion of the ultrathin films. The optical properties are driven by the p—p transitions, shown in purple.

materials, broadening the scope of their potential applications.
In recent years, the application landscape of chalcogenides has
experienced a notable transformation. Historically employed pre-
dominantly as media for optical or electrical data storage,[**) their
utilization has now evolved toward optical components within
photonic circuits.’°1] This evolution is particularly evident in
their adoption for neuromorphic computing and photonic phase-
change memory applications.[>233] Notably, these applications
require new performance requirements, in terms of switching
speed, band gap between material phases, and associated op-
tical characteristics such as contrast and absorption losses.38!
Responding to the altered requirements of these applications,
chalcogenide materials are also evolving, i.e., toward compounds
with higher sulfur or selenium content.®* Selenium or sulfur-
based chalcogenides can be used directly,>! or the tellurium can
be substituted with sulfur or selenium in prominent alloys such
as GeSbTe (GST).l>®

In order to avoid a complication of the material systems used,
the approach of drastically reducing the film thickness is highly
interesting and is used in heterostructure devices.*’) In addition
to the promising properties of the crystalline phase, it is possi-
ble to stabilize amorphous phases in ultra-thin films, which are
too unstable for use in bulk at room temperature. This behavior
could be shown for a device working with Sb,Te;*®! as well as in
pure antimony,*>®! so that in addition to the chalcogenides, the
pnictogens also show considerable phase change material (PCM)
application potential at low layer thicknesses.
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4. Conclusion

In summary, a study of the impact of thickness upon film prop-
erties in thin bismuth films has been performed. Significant
changes of properties upon reducing the film thickness have
been identified. A decrease in the optical dielectric constant and
the height of the absorption maximum is noted. Simultaneously,
the absorption peak shifts to higher photon energies. Addition-
ally, both phonon modes, the in-plane E, mode, and the out-
of-plane A;, mode, show a blue shift. The property changes
are also mirrored in changes of atomic arrangement. For the
thinnest films, the unit cell volume increases, the interbilayer dis-
tance grows, and the intrabilayer distance decreases, leading to a
more pronounced Peierls distortion. This phenomenon can be
attributed to the metavalent bonding in bismuth. The bond con-
finement in ultrathin films influences the competition between
electron localization and delocalization, causing electrons to lo-
calize within the bilayers. This demonstrates that property design
by film thickness is feasible not only in chalcogenides but also in
monoatomic pnictogens.

5. Experimental Section

Sample Preparation: The substrate preparation involved cutting 4-inch
Si (111) wafers with a resistivity exceeding 5000 ohm cm and a miscut an-
gle of 0.05 ° into 10 mm x 10 mm pieces. Each substrate piece underwent
chemical cleaning using Piranha 1:1 solution, a mixture of 37% hydrogen
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peroxide (H,0,) and 96% sulfuric acid (H,SOy), for 10 min, followed by
rinsing with de-ionized water for 15 min. Prior to loading into the MBE
chamber, the Si (111) surface’s native oxide was etched using a 1% HF
solution for 5 min and subsequently rinsed with de-ionized water to en-
sure saturation of dangling bonds with H atoms.

The epitaxial growth occurred in an ultra-high vacuum MBE chamber
with a base pressure of 1 x 10710 mbar, increasing to ~5 x 1070 mbar
during growth. Before the epitaxy of Bi thin films, hydrogen atoms that
saturate Si dangling bonds were removed by annealing the substrates at
a maximum temperature of 600 °C. The selection of annealing tempera-
ture was crucial as it ensured the emergence of natural 1 x 1 Si surfaces

while inhibiting higher-order reconstructions such as \/5 X \/gand 7 X
7, which required higher temperatures. The removal of hydrogen atoms
revealed Si dangling bonds on the 1 x 1 surfaces, which, upon exposure

to the Bi beam flux, saturate and assemble into \/3 X \/3— Bi reconstruc-
tion. To avoid this, the substrates were cooled to the growth temperature
of 40 °C and thereafter subjected to the Bi beam flux to passivate the dan-
gling bonds. The reduced temperatures prevent the reconstruction into

\/ix \/3_ Bi terminations and yield stable 1x 1 surfaces passivated by a
monolayer of Bi atoms. These Bi-terminated 1 x 1 surfaces are the key to
acquire high-quality, ultra-smoothm, and strain-free thin films of Bi, pre-
sented in this work.

To grow thin films, high-purity Bi (99.9999%) in the Knudsen cell was
heated within the temperature range of 480-575 °C to stabilize the Bi flux
and achieve the target growth rate (Ryg). The thin films were then grown
for durations ranging from 10 to 90 min, depending on the applied Ry. Bi
as bulk exhibited the rhombohedral (trigonal) crystal structure. The Bi ter-
minated 1 x 1 hexagonal surfaces facilitated the growth of Bi films in the
trigonal phase. Moreover, Bi similar to Nb, crystallized at room tempera-
ture and that is why the optimum growth temperature (T,,) was identi-
fied by Jalil et al. to be 40 °C for the trigonal phase (for details: refer tol?’]
Figure 2).

In contrast to Bi bulk crystals, Bi thin films exhibited a shift in orien-
tation from (001) to (102) along the normal axis when subjected to tem-
peratures above 50 °C. Upon further increase in temperature, it resulted
in restructuring of the trigonal (102) phase into a non-layered orthorhom-
bic phase (for details: refer tol?3! Figure 5). The orthorhombic phase of
Bi, unlike the trigonal one, exhibited significant strain in form of buck-
ling, and therefore, the fully coalesced films could only be achieved up to
a maximum thickness of 30 nm (for details: refer tol?3! Figures 6-11). In
short, Bi thin films could be achieved in either of the two desirable phases,
namely trigonal or orthorhombic, with the target phase being accurately
regulated by the growth parameters (T, Rye) and the substrate sur-
face/termination. Using the Bi terminated 1 x 1 surfaces, the optimum
growth of Bi thin films in the trigonal phase was achieved at (T, Ry)
= (40 °C, 22 nm h71) whereas, the orthorhombic phase was realized at
(Teub> Rrr) = (100 °C, 32 nm h~"). This work exclusively focused on the
trigonal phase.

It should be noted that only ex situ characterization techniques were
used to assess the crystalline phase after growth. It could not be deter-
mined with certainty whether the growth occured directly in the trigonal
(007) orientation or whether a phase transition occured upon reaching a
critical thickness. This research question would undoubtedly merit further
investigation, but was beyond the scope of this paper. Nevertheless, TEM
and XRD studies confirmed that these resulting films were unambiguously
pure trigonal (007). For further optimization details, please refer to Jalil
et al. where extensive optimization parameters were discussed.[?3]

After epitaxy, the samples were capped with 210 nm thick Al,O;.

Scanning Electron Microscopy:  SEM was performed via “Leo 1550 ZAT”
setup using an acceleration voltage between 2 and 5 keV, which provided
the information about the surface texture.

Femtosecond Pump Probe Reflectivity:  Ultrafast optical measurements
were conducted using a standard reflection-type, two-color pump-probe
experiment in both isotropic and anisotropic (electro-optic sampling) con-
figurations. The 800 nm wavelength, 80 fs width pump beam was sepa-
rated from a Ti:Sapphire regenerative femtosecond amplifier, chopped at
1500 Hz, and directed to a free-standing optical delay line before being fo-
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cused on the sample to a spot size of 100 pm in diameter. The probe pulses
were frequency converted to 520 nm via sum frequency generation in an
optical parametric amplifier and focused to a 30 um diameter spot on the
sample. The detection unit comprised two balanced Si photodiodes con-
nected to variable gain current amplifiers and a data acquisition card. All
measurements were taken at pump fluences between 0.1and 1 mj cm~2,
with the probe fluence being ten times lower. To eliminate systematic er-
rors on laboratory time scales, the order of data point recording and the
positioning of the delay line were randomized. The anisotropic transient
reflectance was calculated from the s- and p-polarized components of the

A(R—R
reflected light using the electro-optic detection scheme: ARzg = ( ; p),

while the isotropic transient reflectance was calculated from the whole
. AR +Ry)
signal: AR = R—op
the reflected probe beam correspondingly. Both, isotropic and anisotropic
transient reflectance was normalized to the steady state reflectance Ry.
Reversibility of optical excitation was ensured by monitoring the static re-
flectivity gained for the probe-pulse when the pump-pulse was chopped.

Raman Spectroscopy: Raman spectroscopy measurements were con-
ducted with a commercial WITec system (alpha300), operating in
backscattering geometry. A diode pumped solid state laser supplied lin-
early polarized light with a wavelength of 531 nm (2.33 eV). This was de-
livered through a single-mode optical fiber and used to excite the sample.
The spot size of 400-500 nm was obtained by employing a long working
focusing lens with a numerical aperture of 0.70. By setting the excitation
power to 500 uW, significant heating effects were avoided. For detection,
the reflected light was delivered through a single-mode optical fiber to a
charge coupled spectrometer with a grating of 2400 lines per mm. All mea-
surements were obtained at room temperature with a 50x (NA = 0.7) ob-
jective, with a resolution close to the diffraction limit (~800 nm).

X-Ray Reflection and Diffraction: The measurements were measured
parallel on a “Rigaku Smartlab” system with a rotating anode and a Bruker
D8 Discover with a classical X-ray tube both employing a Cu Ka 1 radiation
source (4 = 1.540562 A)), selected by a Ge (220) 2 bounce monochro-
mator. Reciprocal space maps on the Rigaku system were measured with
the detector in 1D mode, while measurements on the Bruker system were
measured with a 0D detector. For #-20 and (003n) symmetric /(017) asym-
metric Reciprocal space maps, the peak area was confined with slits (1and
0.6 mm), while a 1 mm snout collimator was used for the Phi scans and
(01n2n) symmetric RSMS. For the evaluation of the out of plane lattice
constants the 6-20 scans of the (003n) peaks were fitted individually and
the lattice constant was obtained from a linear fit of the peak positions.
For the in-plane lattice constant, the (On2n) peaks were measured and fit-
ted for different sample rotations and the resulting lattice constant was
averaged. The evaluation of distortion was performed on the (003n) peak
series, with the details of the simulation in the Supporting Information.

Electron Backscatter Diffraction: The orientation and size of the
thin film grains were investigated using electron backscatter diffraction
(EBSD). Prior to the measurements, the samples were subjected to a 20 s
immersion in a 1% hydrofluoric acid solution to remove the Al,O; cap-
ping. The EBSD system (AMETEK, NJ, USA) was incorporated into the FEI
Helios 650 NanolLab system. The scanning electron microscope (SEM)
was typically operated with an acceleration voltage of 10-15 keV and a
beam current of 3.2 nA, with a chamber pressure of ~10~¢ mbar. The sam-
ple tilt and working distance were set to 70° and 13 mm, respectively. With
these parameters, the EBSD lateral resolution was ~30 nm, and the typical
exposure frame rates for the EBSD camera were ~20 to 40 fps. Subsequent
to data acquisition, the data were treated with a grain dilation algorithm
using TSL OIM Analysis.

Transmission Electron Microscopy:  The lamellae for TEM were prepared
by a focused ion beam (FIB) system “FEI Helios Nanolab 600i”. Before cut-
ting with the Gaions in FIB, Pt layers were deposited on the sample surface
to protect the specimen from damaging. Plasma cleaning was carried out
to remove any surface contamination of the lamella before inserting into
the microscope. Scanning transmission electron microscopy (STEM) was
performed with “FEI Titan G2 80-200 ChemiSTEM” microscope, which
was equipped with a spherical aberration probe “Cs” corrector and the

. A polarizing beam splitter cube was used to split
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annular dark-field detectors. High-angular annular dark-field (HAADF) and
Bright filed (BF) images were acquired at 200 kV.

Optical Spectroscopy:  Ellipsometry spectra were measured using three
angles of incidence (65°, 70°, and 75°) on a J.A.Woollam M-2000UI spec-
troscopic ellipsometer. The deuterium and halogen lamps served as the
sources of illumination for the setup. A silicon CCD camera detected visi-
ble and ultraviolet light, while an InGaAs diode array captured lower energy
photons. In total, 584 channels with an average of 7 meV resolution over
0.72 to 5.14 eV were available.

Normal incidence reflectance data were collected by fiber grating in the
range from 9100 to 45 000 cm™" with an Avantes AvaSpec-ULS2048CL-
EVO with the use of a CMOS linear image sensor. Deuterium and halogen
lamps (Avalight-DH-S-BAL) were used as illumination sources. An alu-
minum mirror served as reference.

Reflectance measurements in the 200 respectively 500 to 16 000 cm™!
range were performed on a Bruker Vertex 80v Fourier-transform infrared
spectrometer (FTIR). A 200 nm thick silver mirror served as a reference.
Multiple source (Hg-arc, globar, and tungsten lamp), beam splitter (My-
lar 50 um, multilayer, KBr, and CaF2), and detector (DLaTGS (one with
polyethylene and one with KBr window), liquid nitrogen-cooled InSb and
room-temperature Si photodiode) combinations were utilized to cover the
entire spectral range.

The dielectric functions of the samples were determined using a three-
layer model (capping/thin film/substrate) within the J.A. Woollam Com-
pleteEASE software. A Levenberg-Marquardt regression algorithm was
employed for parameter optimization. The process began with the mea-
surement and analysis of the bare substrate to extract its dielectric func-
tion. Subsequently, the dielectric function of the capping layer was deter-
mined based on measurements of the substrate with the capping layer
alone. In the next step, the dielectric functions of the substrate and cap-
ping layer were kept fixed, and the dielectric properties of the bismuth thin
films were extracted, using the film thicknesses determined via XRR. Due
to higher roughness, for the three thickest samples an additional layer be-
tween capping and thin film was introduced. For this layer, an effective
medium approach (EMA) with use of the Bruggeman model was fitted.
The dielectric function of the bismuth thin films was described by em-
ploying a summation of a constant dielectric background along with Tauc-
Lorentz oscillators and a Drude contribution. All the parameters were fitted
to convergence.

Density Functional Theory (DFT) Studies: To validate the experimental
observations, density functional theory (DFT) simulations were conducted
utilizing the PBE-GGA (Generalized Gradient Approximation by Perdew,
Burke, and Ernzerhof)!¢'l functional in conjunction with PAW (projector
augmented wave) and norm-conserving (NC) pseudo-potentials, as im-
plemented in VASP and ABINIT.[62-6%] For ES/ET calculations using Abinit
7.10.5 and DGRID 4.7, k-point grids ranging between 5 x 5 X 3 and
10 x 10 X 10 were used for the largest and smallest unit cells respectively.
The energy cutoff was set to 25 Ha with a smearing of 0.005 Ha. For band
structure calculations using Quantum ESPRESSO 6.8, k-point grids rang-
ing between 24 x 24 X9 and 30 x 30 X 30 were used for the largest and
smallest unit cells respectively. The energy cutoff was set to 100 Ry with a
smearing of 0.015 Ry. For dielectric function calculations using Quantum
VASP 5.4.4, k-point grids ranging between 24 x 24 x 9 and 30 x 30 x 30
were used for the largest and smallest unit cells respectively. The energy
cutoff was set to 550 eV with a smearing of 0.1 eV.

The calculation of the Ay, and E; phonon frequencies was performed
using Quantum Espresso.[e%] In general, a norm-conserving pseudopo-
tential (NC) was employed, coupled with a PBE functional and a vdW-
Grimme-D2 correction.[®”] Initially, the bulk system was relaxed using the
“vc-relax” calculation in QE, yielding a lattice parameter of a = 4.465 A,
which deviates by 1.8% from the measured reference value of a = 4.546 A.
Subsequently, the “a” parameter obtained from vc-relax was applied to
all slab systems (1BL-2BL-3BL-4BL-6BL-7BL-8BL-9BL-12BL), and for each
of these systems, a relaxation was performed along the z-direction only
(“ve-relax” calculation + cell_dofree = “z” in QE). The choice of a fixed
“a” parameter for different thicknesses ensured that the parameter space
used was not too large. This was justified by the fact that the change in the
a lattice constant was significantly smaller than the change in the c lattice
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constant. The slabs were simulated by constructing supercells with 15 A of
vacuum above and below the system to suppress any vertical interactions
arising from the application of periodic boundary conditions. For the relax-
ation of all simulated systems, an 8 x 8 x 1 Monkhorst-Pack k-mesh was
chosen, along with a kinetic energy cutoff for wavefunctions set to 80 Ry
(“ecutwfc” in QE). Concerning the calculation of phonon frequencies, the
ph.x code within QE was utilized. This code implemented density func-
tional perturbation theory (DFPT), enabling calculations at the Gamma-
point without the need to construct large supercells in any direction.

Supporting Information

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