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Robust Material Properties in Epitaxial In,Te; Thin Films

across Varying Thicknesses
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and Matthias Wuttig

1. Introduction

Sesqui-chalcogenides serve as a critical bridge between traditional

semiconductors and quantum materials, offering significant potential in
applications such as thermoelectrics, phase change memory, and topological
insulators. While considerable attention has been focused on antimony- and
bismuth-based compounds, characterized by substantial property changes
upon reduction in film thickness, indium-containing sesqui-chalcogenides like
In,Te; are emerging as promising candidates for photovoltaics and electronic
devices. However, the effects of film thickness on the properties of In,Te,
remain largely unexplored. In this study, we investigate high-quality In,Te,
thin films grown by molecular beam epitaxy on Si(111) substrates across a
thickness range from 2.7 to 24 nm. X-ray diffraction, reflective high-energy
electron diffraction, and atomic force microscopy are employed to analyze
both the crystal structure and film morphology. Additionally, broadband
optical spectroscopy alongside femtosecond pump-probe measurements and
Raman spectroscopy are utilized to assess optical and vibrational properties,
respectively. This analysis reveals that material properties exhibit minimal
dependence on film thickness - contrasting sharply with behavior observed in
other chalcogenides such as Sb,Te;, Bi,Se;, or GeTe. This phenomenon can
be attributed to the covalent bonding present in In,Te;, which differs from

that in its antimony- and bismuth-containing counterparts.
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The family of sesqui-chalcogenides plays
a pivotal role in connecting conventional
semiconductors and emerging quantum
materials, exhibiting applications as ther-
moelectric materials,[*?] phase change
memory materials,**l and topological
insulators.>¢]  While significant atten-
tion has been directed toward antimony
and bismuth-based sesqui-chalcogenides,
indium-containing compounds have re-
cently gathered considerable interest
within the field of photovoltaics,”! fer-
roelectric data storage,®®! and electronic
devices.'%11] Notably, In,Te; has emerged
as a promising material for broad-spectrum
photodetectors!*213] and photovoltaic power
generation.[714]

Despite its technological relevance, rese-
arch into the fundamental understanding of
thin film crystal structures and phase tran-
sitions remains in its early stages. The ex-
isting studies predominantly focus on bulk
crystals(?>717] even though high-quality thin
films are crucial for modern compact de-
vices. Recently, research has shifted toward
growing thin films using various deposi-
tion techniques across a range from a few
to hundreds of nanometers (nm).['11218]

As demonstrated for certain chalcogenides, material engineer-
ing based on film thickness is particularly effective when the
thickness is reduced below 10 nm.['*-23] This phenomenon has
been linked to a newly proposed type of chemical bonding termed
metavalent bonding, which involves the interplay between elec-
tron localization and delocalization.['?*1 Such bonding results
in high Born effective charges (Z”), elevated dielectric constants,
near-metallic conductivity, large mode-specific Griineisen pa-
rameters for optical phonons, unusual bond-breaking behaviors,
and effective coordination numbers (ECoN) that deviate from the
octet rule.>?/l These phenomena arise from the competition be-
tween electron localization and delocalization, not found in cova-
lent crystals.[28:2%]

Therefore, this study aims to investigate whether this phe-
nomenon applies to In,Te; as well.

To achieve this goal, high-quality thin films with thicknesses
ranging from 2.7 to 24 nm were grown on Si (111) using
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Figure 1. Structural analysis of the In,Te; thin film series. The crystal structure of In,Te; (111) is illustrated in both directions: a) in-plane and b) out-of-
plane, with the In atoms in pink and the Te atoms in gold. Panel c) displays the LEED pattern (E = 59 eV) where the two rotational domains are marked
in blue and orange; d) shows the corresponding streaks from the RHEED growth video. Film streaks are labeled according to their respective in-plane
diffraction order. The AFM scan in e) confirms a high surface quality with an RMS roughness value of 1.05 nm. The XRD diffractograms and rocking
curves of the In,Te; (003) peak are displayed in f) and g), which confirm a high texture quality alongside phase purity.

molecular beam epitaxy (MBE). The structural properties of these
samples were analyzed concerning their thickness using low-
energy electron diffraction (LEED), reflection high-energy elec-
tron diffraction (RHEED), X-ray diffraction (XRD), X-ray re-
flectometry (XRR), and atomic force microscopy (AFM). Their
thickness-dependent properties were investigated using broad-
band optical spectroscopy to obtain the dielectric function. Ad-
ditionally, femtosecond pump-probe measurements combined
with Raman spectroscopy were employed to characterize the lat-
tice dynamics and light-matter interactions. Finally, density func-
tional theory (DFT) is used to gain insights into the chemical
bonding mechanism within the material. This comprehensive
approach ensures a unified interpretation of the experimental
findings.

2. Epitaxially Grown In,Te; Thin Films and Their
Atomic Structure

Indium Telluride crystallizes in multiple stable configurations,
including, among others, InTe, In,Te;, In,Te,, In,Te;, and
In,Te;.3% Therefore, MBE is employed due to its ability to pro-
vide excellent stoichiometric control. The films were grown on
the unreconstructed Si (111) 1 x 1 surface under Te-rich condi-
tions. RHEED was utilized for in situ monitoring of the growth
process. Subsequently, the samples were capped in situ with
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Al, O, using sputtering. Further details can be found in the Ex-
perimental Section.

In,Te, adopts the ZnS crystal structure,3!] belonging to space
group F43m, with a lattice constant of 6.16 A (see Figure S1, Sup-
porting Information). To compensate for the additional electron
contributed by indium compared to zinc, one-third of the indium
sites is vacant. The films are oriented along the (111) orientation
of this crystal structure, resulting in an in-plane lattice constant
of a = 4.36 A and an out-of-plane lattice constant of ¢ = 10.67 A.
The crystal structure of In,Te, along the (111) growth direction
is illustrated in Figure 1a for the in-plane direction and Figure 1b
for the out-of-plane direction.

Figure 1c presents the LEED pattern of In,Te, films, reveal-
ing two distinct in-plane rotational domains marked in blue and
orange. A ring connecting these diffraction spots indicates an
angular misalignment relative to the substrate — a phenomenon
known as fiber texture. Yet, two rotational domains are predom-
inantly found, which are also observed in the RHEED pattern
oriented along the (11) in-plane direction of the substrate, as
shown in Figure 1d. Shortly after growth commenced, three
distinct film streaks appeared corresponding to these two rota-
tional domains observed in LEED. Due to a 30 ° rotation be-
tween domains, they are assigned to the (10) order for domain
1 (blue), the (11) order of domain 2 (orange), and (20) order of
domain 1.
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AFM has been employed to assess the surface morphology
exemplified in Figure le for a sample without capping and a
thickness of 9 nm, which exhibits a root mean square rough-
ness (RMS) of 1.05 nm. This value aligns well with roughness
measurements obtained via XRR (see Table S1 and Figure S2,
Supporting Information), confirming consistency across meth-
ods used for thickness and roughness determination.

Figure 1f presents the 6-20 diffractograms that confirm the
high sample quality, as evidenced by the existence of distinct
Laue fringes. These fringes arise from the interference of X-
rays reflected from the top and bottom interfaces of a crystalline
film with high structural order, i.e., smooth surfaces and inter-
faces as well as a uniform crystallinity, which means a single,
well-oriented grain in the direction of the film normal. High-
resolution scanning electron microscopy (SEM) top-view images
are shown in Figure S3 (Supporting Information). Specifically,
clear oscillating patterns emerge for the thicker samples’ (003)
peaks. Apart from the substrate and those corresponding to (003)
and (006) peaks, no additional peaks are observed. The intensity
of the (006) peak is less than that of the (003) peak, in line with
the calculated powder diffraction pattern (intensity ratio of 100 to
0.01, respectively).

Figure 1g presents rocking curves from the thin film samples,
measured on the In,Te;(003) Bragg reflection. These curves ex-
hibit distinct peaks with full-width half-maximum (FWHM) val-
ues of 7 0.1 °, corroborating the excellent texture and uniformity
of the films across all thicknesses studied. Notably, as film thick-
ness decreases, the peak positions shift slightly toward lower an-
gles, an effect indicative of mechanical relaxation due to strain at
the film, substrate interface and possible minor tilting of crystal-
lites relative to the sample normal.

Pseudo—Voigt fits for both peaks have been used to determine
the out-of-plane lattice constant c, using the average of the (003)
and (006) results. For the thinnest sample, interference occurs
between the (003) peak and the Si (111) peak. To address this, the
silicon peak has been incorporated in the fit, as shown in Figure
S4 (Supporting Information). For all remaining samples, contri-
butions from silicon were not considered. The out-of-plane lattice
constant of the thickest sample was determined to be ¢ = 10.69 A.
The in-plane lattice constant of the thickest sample was deter-
mined to be a = 4.38 A based on RHEED data. Both experimental
in-plane and out-of-plane lattice constants show good agreement
with literature values, with an increase of 0.2 % and 0.5 %, re-
spectively.

Figure 2 illustrates how both lattice constants change as the
film thickness decreases. The in-plane lattice constant exhibits a
slight increase of ~0.02 A (0.4 %) between the thicknesses of 24
and 2.7 nm, as shown in the lower part of Figure 2. During ini-
tial growth stages, strong overlap occurred between (11) and (20)
RHEED streaks with those from the substrate; therefore, only
(10) streaks were used to extract the in-plane lattice constant.

Given the significant lattice mismatch between the Si (111)
substrate and the In,Te, film (3.86 A versus 4.38 A), which
amounts to 11.9 %, it is surprising to observe an increase in
the in-plane lattice constant. Instead, one would expect it to de-
crease and converge toward 3.86 A. However, when considering
the film’s in-plane domain rotated by 30° relative to Si (111),
a coincidence lattice can be identified, as shown in the supple-
mentary information (Figure S5, Supporting Information). This
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Figure 2. Thickness-dependent lattice constants of In,Te;. The in-plane
lattice constant has been extracted from the (10) streaks in the RHEED
growth video, which displays an increase of 0.4% between the thicknesses
of 24 and 2.7 nm. The out-of-plane lattice constant has been extracted
from the XRD spectra based on the average of (003) and (006) peaks. The
literature bulk values are shown as dashed lines.[*"]

adjustment reduces the mismatch to 1.8 % and explains the ob-
served increase in the in-plane lattice constant with decreasing
film thickness as a result of strain from the substrate.

On the other hand, the out-of-plane lattice constant ¢ shows
a slight decrease with decreasing film thickness by ~ 0.5 % be-
tween the thickest and thinnest films. This decrease correlates
with the in-plane increase, which effectively preservers the unit
cell volume. Notably, both lattice parameters converge toward the
bulk literature values for film thicknesses above 12 nm.

3. Dielectric Function of In,Te; Thin Films and its
Response to Thickness Reduction

The consistent high structural quality throughout the range of
film thicknesses is advantageous for the subsequent assessment
of optical properties. To investigate the dielectric properties as
a function of film thickness, the reflectance of the sample is
recorded using Fourier-Transform Infrared (FTIR) and fiber grat-
ing spectroscopy over a wide spectral range from far infrared to
near ultraviolet (UV). The measured reflectance data are shown
in Figure S6 (Supporting Information). This data is comple-
mented by ellipsometry measurements from near infrared to UV.
The dielectric function of In, Te; was obtained by building a layer
stack model and fitting the reflectance and ellipsometry data by
using Tauc-Lorentz oscillators. The resulting dielectric functions
for different thicknesses are displayed in Figure 3; the real part is
shown in Figure 3a, and the imaginary part in Figure 3b.

The optical dielectric constant ¢ , has moderate values ranging
from 10 to 13. As shown in Figure 3d, there is a subtle increase
in ¢, as the film thickness decreases down to 5.4 nm. However,
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Figure 3. The real part a) and imaginary part b) of the dielectric function of four different In,Te; thin films obtained by optical spectroscopy. c) Maximum
value of &, (w) and the optical dielectric constant ¢, d) plotted as a function of film thickness.

for the thinnest sample (2.7 nm), ¢, drops again toward the value
observed in thicker films. Changes in dielectric properties with
decreasing thickness have also been reported for other covalent
chalcogenides. For example, calculations for GeSe reveal sub-
tle variations in dielectric behavior as the material approaches
ultrathin slab dimensions. This could indicate that In,Te, like-
wise experiences changes in electron localization and structural
distortion in its thinnest layers, although the effect appears to
be much weaker than what is typically observed in metavalent
chalcogenides. This optical dielectric constant ¢ is defined at
frequencies above the highest phonon resonance but below the
next natural frequency of the crystal, i.e., the smallest possible in-
terband transition (bandgap).l*”l To meet these criteria set forth in
the definition, & values may be extracted at an energy of 0.05 eV.

The imaginary part of the dielectric function shows a distinct
maximum associated with an interband transition at ~ 3.5 eV.
Importantly, no significant dependence on film thickness is ob-
served. For all samples, £, is between 14 and 16 as shown
in Figure 3c. Notably, the energy associated with the interband
transition experiences a small shift of 0.3 eV toward higher en-
ergies upon reducing the layer thickness, transitioning from 3.5
to 3.8 eV, indicating a subtle change in absorption characteris-
tics. To delve deeper into these phenomena, we will explore the
thickness-dependent light-matter interactions and their implica-
tions for lattice dynamics in In,Te, thin films in the subsequent
section.

4., Lattice Dynamics of In,Te; Thin Films and Their
Response to Thickness Reduction

The previous sections have demonstrated that the atomic struc-
ture and optical properties depend only slightly on film thickness.
Consequently, we expect that photoexcitation and the resulting
lattice dynamics will also remain largely unchanged with varying
film thicknesses. To investigate the dynamics of the charge car-
riers and the crystal lattice in response to an external stimulus,
femtosecond pump-probe measurements were conducted.
Figure 4a displays the isotropic transient reflectance for films
of different thicknesses, with curves vertically shifted for clarity.

Small 2025, 21, e08738

e08738 (4 of 8)

The initial change in reflectance observed within the first few
hundred femtoseconds is due to the direct response of the excited
carriers and the formation of non-equilibrium excited states.!*!
This excess energy is partially converted into coherent optical
phonons, which can be observed for all film thicknesses.[33-3°]

To determine the frequencies of these coherent phonons, we
first subtract the background using a phenomenological model
that describes the initial excitation of carriers and their sub-
sequent relaxation. The oscillatory part of the signals can be
Fourier transformed to extract phonon frequencies, illustrated in
Figure 4b.

A dominant peak at ~3.15 THz (105 cm™!) is observed for all
film thicknesses, while a smaller peak at 1.2 THz (40 cm™!) is
present only in the two thickest films. These modes align well
with the Raman literature values at 105 and 42 cm=1,6%7] where
the phonon mode at 105 cm™ has been identified as an A,
symmetry phonon.”] This observation corresponds well with
its dominance in isotropic transient reflectance measurements,
which primarily resolve fully symmetric A,, phonons.*!

A more accurate understanding is achieved by fitting these os-
cillations with damped harmonic oscillators. The explicit plots
of our fitting curves overlaid on the background-subtracted tran-
sient reflectance data for all film thicknesses are provided in the
Supporting Information (Figure S7, Supporting Information).
The resulting frequencies show a slight increase (= 1 %) with
decreasing film thickness, as depicted in Figure 4c. Both decoher-
ence time 7 and amplitude A of the reflectance changes generated
by coherent phonons decrease as film thickness diminishes. This
trend is illustrated in Figure 4d,e. Specifically, decoherence time
decreases from 3 ps to below 1 ps, while amplitude drops from
0.4 %o to 0.08 %o. Although the coherent phonon oscillation is
less pronounced in the 2.7 nm film compared to thicker sam-
ples, its presence can still be identified. For enhanced clarity, we
provide a detailed analysis of the coherent phonon oscillations
for the 2.7 nm film in the Supporting Information (Figure S8,
Supporting Information).

Additionally, Raman spectroscopy provides insights into vibra-
tional properties without optical pre-excitation. The correspond-
ing spectra are presented in Figure 4f. The phonon peak at
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amples. Curves are vertically shifted for clarity. The excitation of coher-
llatory component of the signal showing two distinct phonon frequen-
are shown in c). The corresponding decoherence times and amplitudes

against the film thickness are in d,e). f) Raman Shift data for different film thicknesses. Peak positions from Raman spectroscopy data are shown as

diamonds in (c).

105 cm™! dominates the spectrum across all layer thicknesses;
however, the previously noted peak at 40 cm™~! was resolved only
for the two thickest samples. By employing Lorentzian fits, we
determined peak positions, which are compared to the pump-
probe data shown in Figure 4c, exhibiting good agreement. It
should be noted that we identified a total of 11 distinct phonon
peaks in the data from the thickest sample, which align well
with existing literature on bulk samples.?®! This is further dis-
cussed in the Supporting Information (Figure S9, Supporting
Information).

5. Discussion

The results presented demonstrate that thin In,Te; films grown
on Si (111) exhibit only minor dependency on thickness.
Specifically, a relative change of below 1 % is observed in both
lattice parameters. Furthermore, no substantial shifts in the di-
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electric constant or the height of the absorption maximum are
reported. The frequency of the dominant A;, phonon mode in-
creased moderately by ~ 1 %.

This behavior contrasts sharply with that of other sesqui-
chalcogenides, monochalcogenides, and pnictogens.?!?! For in-
stance, Sb,Te;, GeTe, and Bi show a relative change exceeding 5
% in the frequency of their A,, phonon modes with comparable
reductions in film thickness.['¥2022] In these materials, the out-
of-plane lattice constant ¢ shows a pronounced dependency on
sample thickness and increases for thinner films, contrary to the
results presented here. Additionally, the dielectric functions of
these materials change significantly; both the dielectric constant
and the height of the absorption maximum are reduced by half.
Concurrently, the position of the absorption maximum shifts to-
ward higher photon energies.?!]

The distinct behavior of In,Te; can be closely linked
to its chemical bonding mechanisms, different from other
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sesqui-chalcogenides. Several bond indicators support this ob-
servation: a low Effective Coordination Number (ECoN) of
4; a low mode-specific Griineisen parameter ranging from
1.5-2.1;3% and a room temperature conductivity measured at
~107! S cm™1,1%% all suggesting covalent bonding in In,Te;. The
low values shown for its dielectric function in Figure 3 further
support this characterization as they align with those found in
other covalently bonded semiconductors.

Two quantum-chemical bond descriptors, electrons shared
(ES) and electrons transferred (ET), are introduced to charac-
terize electron distribution while varying the arrangement
of vacancies.** As shown in Figure S10 (Supporting
Information), the ES values of all structures range from
1.6 to 2.2, accompanied by moderate ET values (<0.25).
These bonding descriptors fall within the range character-
istic of covalent bonding, regardless of the specific vacancy
distribution.[3%40]

In contrast, Sb,Te,, GeTe, and Bi exhibit a different bonding
mechanism characterized by a competition between electron lo-
calization and delocalization due to a network of overlapping p-
orbitals. This results in a unique conductivity range (between
10% and 10* S cm™!) that situates these materials between semi-
conductors and metals, earning them the designation “incipient
metals.”[?] These incipient metals share a common character-
istic: their chemical bonding between atoms is primarily influ-
enced by half-filled p-orbitals.>*?°! In reduced dimensions, the
competition between electron localization and delocalization is
modified, and an increased degree of electron localization alters
material properties and crystal structures.[?12*]

For metavalent materials, out-of-plane relaxation occurs
through a mechanism where electron localization and delocal-
ization adjust upon changing film thickness to minimize en-
ergy by altering atomic positions.[??2] This mechanism has been
documented extensively for thin GeTe layers.*!) Importantly, the
metavalently bonded thin films expand their out-of-plane lat-
tice constant by several percent upon reduction in thickness; in
In,Te; it reduces.

Structural distortions within thin films due to variations in
bond strengths significantly influence phonon mode frequen-
cies. For layered chalcogenides with n-tuple stacking along the
(001) direction - specifically Sb,Te; - the A;,' mode exhibits a red-
shift while the A,,> mode shows a blueshift. Consequently, no
strong trend emerges regarding phonon frequencies in In,Te,
(as shown in Figure 4), since significant changes do not occur
within chemical bonding and thus atomic structure when layer
thickness is reduced.

6. Conclusion

In summary, this study has examined the impact of thickness
on the properties of thin In,Te, films. The results demonstrate
that the intrinsic material properties of covalent In,Te; films re-
main nearly constant even when the film thickness is drastically
reduced. This behavior contrasts sharply with that of metava-
lent sesqui-chalcogenides such as Sb,Te;, Bi,Te;, or Bi,Se;,
which exhibit significant changes in bonding and intrinsic prop-
erties upon reduction in film thickness. Only small changes
were observed in the structural, optical, and vibrational proper-
ties of In,Te; films. This finding suggests that other covalent
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sesqui-chalcogenides such as Bi,S;, Sb,Se;, and Sb,S; may also
experience only modest changes in their intrinsic material prop-
erties when film thickness is reduced. Despite differences in crys-
tal structure among these materials, they share similar chemical
bonding characteristics with In,Te;.

7. Experimental Section

Growth:  Prior to insertion into the UHV chamber, the substrates (Ok-
mentic, Si(117), SSP, p doped, > 5 kQ) underwent a cleaning process with
H,S0,4:H,0,. Subsequently, they were immersed in HF to remove the na-
tive oxide layer and passivate the dangling bonds with hydrogen.

The substrates were heated to T = 330 °C in UHV to evaporate the hy-
drogen and subsequently cooled down to the growth temperature of T =
210 °C. The temperature of 330 °C is shown to preserve the 1x 1Si(111)
surface, while ensuring the evaporation of the hydrogen passivation layer
in the growth chamber. The optimal growth temperature of 210 °C was
determined through systematic variation of the deposition temperature.
Note that all temperature readings have an offset due to the thermocouple
reading. The unreconstructed surface was validated using RHEED. Opti-
mal growth conditions for growth along the [111] orientation were deter-
mined in a tellurium-rich environment with a beam flux ratio In: Te of 1:20.
Both elements were evaporated from standard effusion cells. The growth
rate was 0.1 nm min~', monitored by RHEED. After growth, the samples
were capped in situ with an Al,O5 layer with a thickness of ~#10 nm, em-
ploying sputtering.

LEED: After growth, the sample has been in situ transferred to the
LEED chamber, where the LEED pattern was acquired with a Specs ErLEED
1000-A Optics and a background pressure of 1x 10710 mbar.

AFM: AFM measurements were performed for a sample without
capping using a Bruker Dimension Edge AFM. The scan size was
10 um X 10 pm, and 512 X 512 scans were taken with a tapping frequency
of 0.5 Hz.

X-Ray Reflection and Diffraction: The measurements were measured
on a “Rigaku Smartlab” system with a rotating anode employing a Cu Ka1
radiation source (A = 1.54 A), selected by a Ge (220) 2 bounce monochro-
mator.

Femtosecond Pump Probe Reflectivity:  Ultrafast optical measurements
were conducted using a standard reflection-type, two-color pump-probe
experiment in an isotropic configuration. The 800 nm wavelength, 60 fs
width pump beam was separated from a Ti:Sapphire regenerative fem-
tosecond amplifier, chopped at 1500 Hz, and directed to a free-standing
optical delay line before being focused on the sample to a spot size of
200 um in diameter. The probe pulses were frequency converted to 516 nm
via sum frequency generation in an optical parametric amplifier and fo-
cused to a 30 um diameter spot on the sample. The detection unit com-
prised two balanced Si photodiodes connected to variable-gain current
amplifiers and a data acquisition card. All measurements were taken at
incident pump fluences of ~1 m) cm~2, with the probe fluence being ten
times lower. To eliminate systematic errors on laboratory time scales, the
order of data point recording and the positioning of the delay line were
randomized. The isotropic transient reflectance was calculated from the
whole signal:

A
AR = M M
Ro

A polarizing beam splitter cube was used to split the reflected probe
beam correspondingly. Transient reflectance was normalized to the steady
state reflectance R,. Reversibility of optical excitation was ensured by mon-
itoring the static reflectivity 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
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delivered through a single-mode optical fiber and used to excite the sam-
ple. The spot size of 400-500 nm was obtained by employing a long work-
ing focusing lens with a numerical aperture of 0.70. By setting the excita-
tion power to 500 uW, significant heating effects were avoided. For detec-
tion, 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
measurements were obtained at room temperature with a 50x (NA = 0.7)
objective, with a resolution close to the diffraction limit (%500 nm).

Optical Spectroscopy:  Ellipsometry spectra were measured using three
angles of incidence (65°, 70°, and 75°) on a J.A.Woollam M-2000Ul 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 UV light, while an InGaAs diode array captured lower-energy pho-
tons. 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 illumi-
nation sources. An aluminum mirror served as a reference. Reflectance
measurements in the 200 respectively 100 to 18 000 cm~' range were per-
formed on a Bruker Vertex 80v Fourier-transform infrared spectrometer
(FTIR). A 200 nm thick silver mirror served as a reference. Multiple sources
(Hg-arc, globar, and tungsten lamp), beam splitter (Mylar 50 pm, multi-
layer, KBr, and CaF2), and detector (DLaTGS (one with polyethylene and
one with KBrwindow), 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
five-layer model within the J.A. Woollam CompleteEASE 6 software. The
bottom layer consists of the silicon substrate, followed by the indium tel-
luride thin film. The dielectric function of the thin film was described by em-
ploying a summation of two Tauc-Lorentz oscillators without a Drude con-
tribution. The top two layers represent the capping in an effective medium
approach (EMA) to account for a mixture of aluminum oxide with and
without a slight amount of iron impurity, both of which were measured
independently in advance. An EMA layer describing a roughness layer ob-
tained from X-ray reflectivity (XRR) measurements is situated between
the capping layers and the thin film. All EMA layers were fitted using the
Bruggeman model, and all parameters were adjusted until convergence
was achieved.

DFT Studies: To validate these experimental observations, density
functional theory (DFT) were carried out using the Vienna Ab Ini-
tio Simulation Package (VASP) with the projector-augmented wave
pseudopotentials.[*243] The Perdew—Burke—Ernzerhof functional is em-
ployed to approximate the exchange—correlation energies of electrons.[46]
The cutoff energies for the plane-wave basis were set to 550 eV. The
quantification of electrons shared (ES) within chemical bonding utilizes
the density-derived electrostatic and chemical (DDEC) approach.[*7-#°1 ES
was quantified as twice the value of the bond order.

Scanning Electron Microscopy: ~ Scanning Electron Microscopy was per-
formed using a FEI Nanolab 650. The morphology of the films was imaged
using an electron voltage of 20 kV and an electron current of 1.6 nA in the
immersion mode and working distance of 4.2 mm. The electrons were
detected via a TLD detector. Additionally, cross-section images were per-
formed by depositing a protective layer of Pt via the gas injection system
and milling perpendicular to the sample surface with the Ga*-FIB into the
sample. For the latter, a cross-section pattern was used. Deposition and
milling steps were performed using 30 kV and 80 pA. Subsequently, the
layer stack was imaged again in the immersion mode with 20 kV electron
voltage and 1.6 nA at 52° stage tilt.

Proofreading:  OpenAl GPT 40 was used to check grammar, syntax, and
clarity. The content and scientific accuracy of the paper remain the respon-
sibility of the authors.
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