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We demonstrate an infrared (IR) polarimetric approach for the detailed analysis of structural and morphological
interface properties via the inspection of bands related to a pair of vibrations with perpendicular transition dipole
moments. Performing polarization dependent IR spectroscopy and supplementary X-ray photoelectron spec-
troscopy (XPS) measurements, freshly prepared H/Si(111) surfaces as well as their long-term degradation in dry
air environment and after exposure to humid air are investigated. Vibrational bands related to Si-H bending and
Si-H stretching modes are discussed in conjunction with analytical optical simulations, elucidating the status of

passivation and influence of varying domain sizes and oscillator densities. Notably, the vibration related to a
strong out-of-plane directed transition dipole moment is extremely sensitive to the morphology and structure of
the surface, whereas the in-plane directed band serves as a sensitive sensor for the overall status of the func-
tionalization or passivation. Studies limited to only one of these bands may result in misleading conclusions on
the passivation status, the pathway of degradation or structural properties. The analytic concept is also applied
for the interpretation of vibrational bands of a methyl monolayer on Si(111). IR polarimetry is performed in a
single reflection geometry which, compared to often used ATR geometries, is not restricted to specifically
designed IR transparent substrates and also gives higher flexibility to potential adaptions to measurement
chambers and cells. Our approach offers advanced possibilities for analysis in the field of interface science and
contributes to a deeper understanding of interface properties. It is relevant for applications relying on specific
interface properties, such as sensing, catalysis, photovoltaics, and electronics.

1. Introduction

Passivated surfaces are widely used in sensing and electronic appli-
cations. Often, it is required to understand the structural properties of
the initial surface prior to further processing steps. In particular, the H-
passivated Si(111) surface is assumed to be a surface with a high degree
of perfection [1]. It can be prepared outside of ultra-high vacuum (UHV)
conditions by wet-chemical processing [2-4]. Technologically,
H-passivated Si(111) is a very interesting material for further chemical
processing steps without the need of UHV environments. It can be uti-
lized for effective molecular functionalization [5-7], sensing [7], elec-
tronic applications [7] as well as custom-sized nanopatterning [8],
metal/silicon contacts [9-11] and in a-Si/c-Si solar cells [12-15].

The defect density of the best chemically prepared surfaces is

* Corresponding author.
E-mail address: karsten.hinrichs@helmholtz-berlin.de (K. Hinrichs).

https://doi.org/10.1016/j.apsadv.2025.100869

expected to be lower than that of Si(111)-(1 x 1) prepared by H expo-
sure under UHV conditions [16], but UHV preparations may be less
contaminated [16]. However, an optimization of the preparation with
respect to the reduction of defects and possible contaminations would be
required to push the potential of H/Si(111) surfaces toward new ap-
plications, as is the case for Si(100) surfaces where individual atoms can
be manipulated, e.g., for manufacturing of silicon electronics [17] and
quantum devices [18].

When passivating a Si(111)-(1 x 1) surface, it is assumed that, at the
end of the etching mechanism [19], hydrogen fully saturates the
dangling bonds of the top layer’s silicon atoms [19,20]. A multitude of
experimental and theoretical studies have been performed for detailed
investigations of the vibrational properties of this surface. The phonon
dispersion throughout the surface Brillouin zone (SBZ) was calculated
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by density functional perturbation theory [20,21]. Localized optical
phonon bands related to a Si-H in-phase stretching mode and a degen-
erated bending mode were found above the Si-bulk vibrational bands. It
is well-established that these characteristic modes of H-passivated Si
(111) surfaces can be sensitively studied by vibrational spectroscopies
[1-3,22-31]. He-atom scattering (HAS) [22] and (HR)EELS [23,24] can
reveal phonon dispersions throughout the surface Brillouin zone.
However, a drawback of these techniques is often a limited spectral
resolution. For measurements at high spectral resolutions, IR spectros-
copy is the method of choice, although only measurements close to the
I'-point of the SBZ can be performed. Numerous IR spectroscopic in-
vestigations exist for bare and modified hydrogen passivated Si(111)
surfaces [1-3,25-42]. Interestingly, due to the orientation of the Si-H
bond perpendicular to the Si(111) surface, the stretching vibration ex-
hibits only a transition dipole moment in direction of the surface normal
and the bending vibration a transition dipole moment parallel to the
surface [32] (Fig. 1a). Polarization dependent IR spectroscopy is ad-
vantageous for the investigation of such a characteristic behavior
(Fig. 1b). In p-polarized and ellipsometric tan¥ spectra, the bands
related to the in-plane and out-of-plane oriented vibrations typically
point upward and downward, respectively. This characteristic behavior
can be applied for a qualitative inspection of average orientations of
bonds and molecules [43]. Orientation of the Si-H transition dipole
moment normal to the surface plane facilitates conclusive studies of
vibrational band properties such as frequency, amplitude and shape in
p-polarized reflection spectra (or ellipsometric tan'¥ = /R, /Rs spectra).
It is of advantage for the analysis that the band shape is not disturbed by
an overlapping contribution of the related in-plane vibrational absorp-
tion [44].

Comprehensive studies of H-passivated surfaces have been per-
formed for decades [1-3,26-28]. The frequency, intensity and width of
the band related to the Si-H stretching vibration for a freshly prepared
H/Si(111) surface was found to be a marker for the quality of the pre-
pared surface [2]. It was concluded that “the more homogeneous the
surface the narrower the absorption line and the higher the Si-H stretch

a) Ideal H-Si(111) surface

Applied Surface Science Advances 30 (2025) 100869

frequency” [2]. Band frequencies of 2083.92 em™! [2] and 2083.7 cm™!
[3] were measured for the initial passivated Si surface with ideally
terminated (111) domains. For such surfaces, the number of defects is
expected to be < 1 % of the monolayer (ML) [2,3]. In-situ scanning
tunneling microscopy (STM) of H/Si(111) revealed the surface structure
with atomic resolution, showing that flat passivated domains are not
defect-free and also areas with no clear atomic structure may exist [4].
IR spectra may also be sensitive to imperfections, such as variations of
the finite-sized (1 x 1) domains; other Si-H modes than in-phase may
contribute to an anisotropic tail and band broadening [27]. Additional
peaks are expected for Si-H attached to other Si-Si bonding arrange-
ments [3], contributions of SiH, and SiH3z modes [26,40] and defect
modes [2]. In addition, strain can significantly change the Si-H
stretching and bending related band intensities [29].

In our preparations of functionalized Si(111) surfaces [33-38],
applied for electronic or sensing applications, we often used an
H-passivated surface as the starting point for further processing, such as
the termination by aryl groups [36-38] or methyl and ethynyl groups
[34,35]. As discussed above, a well-known approach for a quality check
of a freshly H-passivated surface is an IR spectroscopic analysis in the
range of the Si-H stretching vibrations.

Using literature work as reference, it seems to be straightforward to
qualitatively interpret the measured spectra of passivated Si(111) in this
range, e.g., to identify in-phase Si-H stretching vibrations [2,3]. How-
ever, imperfect surfaces may show complex spectra depending on many
factors, such as steps [26,40,42], steric interactions [39], strain [26],
defects [2] and oxidation [31,41]. For example, the vibrational pattern
of a vicinal or nanorough Si(111) surface in the Si-H stretching range
shows a complex vibrational signature due to the overlay of different
vibrational contributions [26,39,40]. A detailed assignment was
recently revealed by a combined DFT and experimental study [39].

The frequency and half width of the band related to in-phase Si-H
stretching vibrations might serve as an indicator for the quality of well-
ordered Si(111) domains [2]. Therefore, seeing the sharp band related to
the Si-H stretching vibration at the expected frequency of about 2083.8

b) Polarization dependent reflection

[1,1,1] |_|| I
Si
Vstretc:hing
[1,1-2]
[-1,1,0] '?
Si
Vbending
&,5@?3: &
% Y
O0 00—
N
oH QSi

1 =

N7 Janw = [
2% 102 ==tan‘l’ = R

74
7

620 625 630 2080 2085 2090
Wavenumber / cm’™

Fig 1. a) Sketch for an ideal Si(111)-H surface structure (Si represented by grey and H by blue spheres). The direction of transition dipole moments is indicated by
red arrows. The Si-H stretching vibration is oriented perpendicular to the surface plane, whereas the one of the Si-H bending vibration is in-plane oriented. b)
Polarization dependent reflection spectra. s-polarized reflection (R, spectrum, top) can only probe the bending vibration, as s-polarized radiation has only in-plane
field components. p-polarized reflection (Rp, spectrum in the middle) can probe both the bending and the stretching vibration, as p-polarized radiation consists of
both in-plane and out-of-plane field components. The same holds for the ellipsometric parameter tan¥ (bottom spectrum), which is calculated from the square root of

the ratio of R, and Rs.
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cm™ can be taken as a marker that the initial surface is of high quality.
However, such a procedure focusing merely on the sharp Si-H stretching
related band provides only a limited view on the passivation properties
and may lead to misinterpretations about the quality of the passivation.
For example, taking the absence of this Si-H stretching band as a sign
that the surface is not passivated is a misleading conclusion.

Fig. 2 shows a typical p-polarization dependent reflection spectrum
for an H-passivated Si(111) surface. The spectrum with a resolution of
0.5 cm™! shows a band maximum close to 2084 cm™ for the initially H-
passivated surface. A band at 2083.84 + 0.01 cm™! with a width of ' =
1.41 + 0.03 em™ is determined by a Lorentz fit. In this respect, our
results seem to correlate well with those found in literature [2,3].
Because the interpretations of spectra can be improved by optical
modeling, we will discuss in the experimental part the following issues:
How can amplitudes and frequencies of a vibrational band be qualita-
tively interpreted for the H-Si(111) surface and what conclusions can be
drawn about the surface structure and morphology? Such discussions
are relevant for a broader field of research on passivated and function-
alized surfaces. As an example for a functionalized surface, the results
section is completed by a discussion of IR polarimetric spectra of a CD3
functionalized Si(111).

2. Methods
2.1. Sample preparation

H-passivation of the Si(111) surface was performed as follows: the Si
sample (p-doped Si(111) + 0.5°, 0.02-0.03 Qcm from Siegert Wafer or
University Wafer) was cleaned in an ultrasonic bath with isopropanol,
rinsed with high-purity water and ozonized for 30 min. Afterwards it
was etched for 4 min in 40 % NH4F solution, rinsed again with high-
purity water, and dried under nitrogen flow. Subsequently, the sample
was transferred to the IR ellipsometer. Methyl-passivation of the Si(111)
surface was carried out as follows: Additionally, the H-terminated Si
(111) surface was placed in an electrochemical cell in a glove box. The
applied potential was scanned from open circuit potential from —0.3 V
(0.1 V) to +2V (2.2 V) using 0.5 M (sample # 1) and 1 M (sample # 2)
CD3Mgl solved in diethylether as supplied by Sigma-Aldrich. Deuterated
methyl, CD3, was used to separate the surface modification from the
signals of the adsorbed CHs-species in the IR ellipsometry spectra. Af-
terwards, the Si-CD3 sample was rinsed with water to remove adsorbed
Mg salt complexes.

B 2083.84 cm! 4
2070 2075 2080 2085 2090 2095 2100

Wavenumber / cm™

Fig. 2. Characteristic p-polarized reflection spectrum (baseline corrected) of
the H/Si(111) surface at 0.5 cm™ spectral resolution and 65° incidence angle.
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2.2. Ellipsometry

Polarization dependent IR spectroscopic spectra were recorded using
an ellipsometric set-up in a single reflection geometry attached to
Fourier-transform infrared (FT-IR) spectrometer (Vertex 70 and Tensor
37, Bruker, Germany) in dry air environment (humidity < 0.25 %). The
spectra were obtained with a resolution between 0.5 cm ™! and 4 cm™?
using a photovoltaic mercury-cadmium-telluride (MCT) detector
(InfraRed Associates, Inc., USA) cooled with liquid nitrogen (LN3), or
with a deuterated triglycine sulfate (DTGS) detector (RT-DLaTGS,
Bruker, Germany). tanV¥ is defined as the ratio of amplitudes of p- and s-
polarized reflection components and is calculated from the square root
of the ratio of measured R, and R;. Further details on the method and the
geometry of the experimental set-up can be found in Refs. [45,46].

2.3. Optical simulations

The basis of the used analytical optical modeling is the description of
the propagation of electromagnetic waves in layered media by a 4 x 4
matrix formalism as introduced by Berreman in 1972 [47] and described
by Azzam and Bashara in 1977 [48]. Specific analytical solutions can be
used for isotropic and anisotropic layered systems [48,49].

For modeling of the optical response of a layered sample, the
dielectric function of a material is assumed to be equal to 1 plus a sum of
susceptibilities related to the specific fundamental excitations. For
example, the susceptibility of a vibrational Si-H stretching excitation in
the infrared spectral range can be described by a Lorentz oscillator. For
further information we refer the reader to [45,46,50]. Mixtures of ma-
terials are often described by effective medium approximations (EMA)
[45,46,50].

Optical modeling implemented in modern ellipsometric software is
capable to fit and simulate transmission, reflection, polarimetric, and
ellipsometric spectra. Here, SpectraRay/4 (Sentech Instruments GmbH,
Germany) was used for all optical fits and simulations. The material of
the layer was considered to be optically homogenizable, which is a
reasonable assumption because the probing wavelength is much larger
than structural units of the interface. However, with an infinite mate-
rials’ dielectric function, potential finite island size effects cannot be
separated. Beside phenomenological dipole coupling models [27]
known for decades, an ab-initio based multi-scale approach was recently
introduced to describe the optical response of differently sized molec-
ular islands on dielectric substrates [51]. For our discussion, we have
also considered these literature results for CO molecular finite sized
islands on CeO9 surfaces [51]. For completeness, we note that for
structured surfaces with structural units in the range of the wavelengths,
different kinds of numerical optical simulations of Maxwells equations
can be applied, e.g., rigorous coupled-wave analysis (RCWA) and the
finite difference time domain (FDTD) method.

For the optical simulations of the H-passivated surface, an aniso-
tropic optical three-layer model was used: air/0.48 nm H-Si/Si. The Si-H
vibrational band was described by a Lorentz oscillator (vy: resonance
frequency, F: oscillator strength, I': damping). Further details on the
optical simulations can be found in Ref [44]. The out-of-plane parameter
of the initial Si-H layer in the Si-H stretching range is represented by
£0=1.8 [2], F=167.61 cm™, 0p=2079.61 cm™, I'=2.05 cm™; the
in-plane component is set to £, =1.8. Two types of models were used to
describe the initial degradation. In the first one, the oscillator strength
was reduced by about 30 % from the initial F=167.61 cm™ to F=117
em™ to describe a spectrum after 1.6 days of storage. In a second model
the fraction of the out-of-plane component was reduced subsequently
from 100 % (initial surface) to 66 % (after 1.6 days) using an effective
medium approach (EMA) in a Bruggeman model. In the simulations, the
reduction of oscillator strengths aims to describe a reduction of the total
amount of Si-H oscillators. The reduction of the fraction of the
out-of-plane components in the EMA approach describes a reduction in
the proportion of perfect domains. For the host material, £,=1.8 was
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set.

For the optical simulations of the CDs-functionalized surface, an
anisotropic optical three-layer model was used: air/0.48 nm CDs3-Si/Si.
For referencing, the experimental and simulated CD3 spectra were
divided by the simulated spectrum of the bare substrate. Only the
experimental spectrum in the range of the in-plane wagging vibration is
divided by a spectrum of a just degraded passivated silicon surface. An
H-passivated surface cannot be used as reference here because of the
overlapping Si-H bending vibration. The following parameters were
used in the simulation of sample #1 (#2): v,=606.1 cm™! (603.3 cm’l),
Ip=12.7 em™ (13.2 cm‘l), F,=253 cm™! (334 cm‘l); and v5=972.5 em!
974.7 cm’l), I's=5.2 em™! (5.0 cm™), Fs=114 em™! (110 em™).

The thickness of the native oxide was evaluated from ex situ UV-VIS
ellipsometric measurements (SE850, Sentech Instruments, Germany) at
20 % relative humidity. As a water layer is expected for SiO, surfaces
[52], the thickness of the native oxide is determined to be 1.44 nm
(assuming 0.6 nm water layer in the optical simulation).

2.4. Choice of detector

Highly sensitive FTIR measurements are required to study ultrathin
films. The choice of the detector and related measurement parameters is
crucial for optimal measurements. Beyond the optical, geometrical and
electronical realization, the detector temperature, frequency dependent
specific detectivity, spectral response, and noise are relevant properties.
Detailed information on FTIR detector properties can be found in Ref
[53]. In general, the signal to noise ratio (S/N) is proportional to the
square root of the measurement time [54]. Using a DTGS detector re-
quires long measurement times because of its low specific sensitivity.
However, the low maintenance of the DTGS (no LN; cooling required)
renders it advantageous for long-term measurements, for example, to
study the band of the Si-H bending vibration. An LN cooled photovol-
taic MCT detector offers higher detectivity and can be used at higher
sampling frequencies than a thermal DTGS detector. These MCT prop-
erties allow for fast measurements at high S/N and spectral resolutions,
as required for a detailed study of the initial variations in the Si-H
stretching range. The kind of detector, scan speed, spectral resolution
and measurement time were carefully selected to achieve the required
S/N for the respective experimental conditions and incidence angle.

2.5. Measurement conditions

R, of H/Si(111) was measured with 0.5 cm! resolution, 65° angle of
incidence, 24 min measurement time and photovoltaic MCT detector.
tan¥ spectra were measured with 1 cm™ resolution, 60°, 412 min
measurement time, DTGS detector and 4 cm™! resolution, 60° angle of
incidence, ~ 24 h measurement time and DTGS detector. The H/Si(111)
sample was exposed to humid air (36.8 %, 22.3 °C) for 4.5 h. Temper-
ature and humidity were measured with a Dorstmann P770, Germany.

2.6. XPS

The sample was characterized by X-ray photoelectron spectroscopy
(XPS) using a non-monochromatized MgKa source (E = 1253.6 eV) (XR-
50 by SPECS) and a hemispherical electron analyzer (CLAM 4 by VG).
The angle between source and analyzer was 54°. The base pressure of
the system was 5 x 10~° mbar. The energy calibration was performed
using Cu, Ag, and Au emission lines and the pass energy was 20 eV. The
peak fitting procedure was performed using Shirley backgrounds along
with Gaussian-Lorentzian line shapes. The sample was stored in dry air
environment (< 0.25 % humidity) for 40 days and exposed to humid air
(40.5 %) for ~ 5 h.

3. Experimental results and discussion

For a better understanding of the IR spectra and their correlation to
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the structure of the surfaces, the vibrational spectra were recorded
during the storage of the surface in dry and humid air. To interpret and
identify possible initial oxidation states, XPS measurements were also
performed for a pair of comparable samples. To analyze the stretching
and bending mode with high S/N, the spectral resolution of the IR
measurements with DTGS detector was restricted to 1 cm™ and 4 cm™.
In the following, we discuss the initial degradation during the first 3
days, followed by the long-term degradation over 139 days. Here, the
term degradation refers to the reduction of the quality of the initial
chemical surface passivation and an increase of the number of defects
with time.

3.1. Degradation of the H-passivated surface

Ellipsometric tan¥ spectra (DTGS detector, 1 cm™ spectral resolu-
tion) are presented in Fig. 3 as a function of time. The first measurement
was immediately taken after the preparation and the last one after about
3 days storage in dry air. Using a DTGS detector allows one to access a
broad spectral range including the band related to the Si-H bending
vibration.

The measured spectra (Fig. 3) show a decrease of the amplitudes and
increase of the full width at half maximum (FWHM) of the bands with
increasing degradation. Note that —tan'¥ spectra are shown in Fig. 3b for
easier band comparisons. The time dependent amplitude of the band
related to the bending vibration (a) is reduced much less than that of the
stretching vibration (b). Therefore, we emphasize that the apparent
disappearance of the band related to the H-Si stretching vibration cannot
be interpreted as a complete degradation of the H-passivated surface. In
the literature, a possibly related effect was also observed for strained Si
(111) surfaces [29]. It was discussed that the redistribution of the
bonded hydrogen in the silicon network [55] might be the reason and
not a diminished hydrogen content. It is expected that both a reduced
average oscillator density (top of Fig. 4a) as well as a reduction of the
proportion of perfect passivated domains (defect rich areas possibly
outside the perfectly passivated areas (bottom of Fig. 4a) would result in
a decrease in the band amplitude. As the Si-H stretching band of a
perfect H-passivated surface correlates with a strong transition dipole
moment [44,56], a downwards shift of the observed band maximum by
a few wavenumbers [44] would be expected for a reduction of the
density of Si-H oscillators.

Fig. 4b shows the results of optical simulations for a reduction of Si-H
density and the proportion of perfect domains. A decrease in oscillator
strengths (Fig. 4b, top), corresponding to a reduction of Si-H oscillator
density by about 30 %, leads to a clear downward shift of the band
frequency (Fig. 4c). Such a shift is not observed in the experimental data.
However, the data can be understood in terms of the scenario depicted at
the bottom of Fig. 4b Here the simulated spectra reflect a reduction in
the proportion of perfect domains by approximately 34 %, which cap-
tures the time-development of the shift in the measured spectra (Fig. 4c).
In Fig. 4d, the relative reduction of oscillator strengths and proportion of
perfect domains with time are compared to the time-dependent devel-
opment of the measured band amplitudes. Both simulated scenarios
predict a similar decrease in band amplitude, but at a much slower rate
than observed experimentally. This finding shows that, for the initial
degradation of the sample, correlating the measured Si-H stretching
band amplitudes and shifts with oscillator density or the proportion of
perfect domains is only possible with the support of optical simulations.

In Fig. 3 it was observed that the Si-H stretching vibration only shifts
by about 0.6 cm™ (indicated by the dotted vertical lines in Fig. 3b) until
the amplitude is reduced to the noise level. The maximum possible shift
for this band would be about 4.2 cm™ as calculated from the difference
of the observed Si-H resonance (2083.84 cm™) and the Si-H resonance
used for simulations (2079.61 cm™!). For the Si-H stretching band in p-
polarized spectra, this shift corresponds to the difference between the
resonances of a surface with ideally covered terrasses and a surface
covered with well-separated single oscillators. For a layer with tilted
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Fig. 4. Schematic scenarios a) structural model, b) optical model for the pathway of degradation of perfect H-Si(111) domains leading to a time dependent reduction
of band amplitudes (30 % of the initial H-passivated surface is expected to be covered with perfect (1 x 1) domains containing about 5000 Si-H oscillators [27]); a)
structural models are shown. Top: an initially completely H-passivated surface (blue spheres, left side) is degrading with time by the formation of randomly
distributed defects (black spheres); Bottom: with time, the proportion of perfect domains is reduced. b) The results of optical simulations of tan¥ spectra (Fig. 3b) are
shown. Top: A model reducing oscillator strengths represents the random increase of defects. Bottom: an EMA model displays the varying number of inclusions
representing a reduced contribution of domains. c) Relative shift of the simulated band maxima for reduction of oscillator strength (related to Si-H density) and
proportion of perfect domains from simulations in b) and relative shift of measured band maxima. d) Corresponding reduction of the measured amplitudes and the
simulated inclusions and oscillators strengths.

dipoles, such a shift could in principle also be observed directly by the in a literature study of a CO monolayer with tilted molecules, the shift
difference of the band frequency in p- and s-polarized spectra. Because was directly measured by the difference of the related band frequency in
the transition dipole moment (TDM) of the Si-H stretching vibration is p- and s-polarized spectra [51]. Interestingly, a comparable shift of 4
perpendicular to the surface (no contribution in s-polarized spectra), this em™! was found. The experiments were complemented by ab-initio

approach is not accessible for the passivated Si(111) surface. However, based multiscale optical calculations to understand potential
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contributions related to the occurrence of finite-sized islands [51]. To
illustrate this context, Fig. 5 shows the simulated relative shift of a band
related to CO oscillators in dependence of varying molecular island size
as adapted from Ref [51].

Fig. 5 shows that the band shift for sizes of 10 nm x 10 nm already
converges towards the shift expected for an infinite system [51]. A shift
of about 0.6 cm™! could be correlated with a reduction of the island size
to about 4 nm x 4 nm. A related effect for our surfaces indicates that the
size of the perfect domains remains above a minimum size. However, a
shrinking of initially large domains to a size of about 4 nm x 4 nm would
result in a too low proportion of the areas of perfect domains. On the
other hand, a separation of larger domains into several smaller ones
could still be a scenario that cannot be excluded by our optical
simulations.

In conclusion, we assign the strongly diminishing amplitude and the
weak shift observed with ongoing degradation to a strong decrease in
the total amount of the perfectly passivated areas, possibly accompanied
by a shrinking size of the domains. In our experiments, the band
amplitude of the sharp Si-H stretching mode is within the experimental
noise after 3 days, meaning that the number of perfectly passivated
domains with a minimum size of a few nm becomes negligible. The
optical interpretation (details in the methods section) indicates that the
effective dielectric function of the Si-H surface layer now shows the
characteristics of a weak oscillator (k ~< 0.4 and no &, near zero con-
dition). However, at the same time, the band of the bending mode is
clearly visible after 3 days of degradation. This can only be explained for
a condition where hydrogen was not removed for the majority of defects.
To study this point in more detail, we investigated the long-term
degradation.

3.2. Long term degradation of the H-passivated Si(111) surface

Further measurements were performed at 4 cm™! spectral resolution
(Fig. 6) in order to reveal with sufficient S/N the background in the Si-H
stretching region. Fig. 6 shows IR spectra in a) the Si-H bending region,
b) the SiOy and c) the Si-H stretching range after degradation for 1, 6, 41,
107, and 139 days in dry air, followed by the additional exposure to
humid environment for 4.5 h. The IR spectra after 1 day show charac-
teristic bands related to Si-H vibrations, but no considerable peak in the
SiOy range. The spectra after further degradation reveal a much broader
and much weaker band below the sharp Si-H peak. A possible assign-
ment of this band is to a contribution of less ordered Si-H passivated
areas and/or contributions of perfectly passivated Si-H domains smaller
than a few nm. For stepped and nanorough surfaces, vibrational con-
tributions are also expected in this spectral range [39]. However, no
distinct and significant band contributions related to SiH, can be iden-
tified in our experiments (see also Fig. S1 in the supplementary). With
the ongoing degradation, the reduced amplitudes of the Si-H bending
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mode qualitatively correlate with those of the broad band in the Si-H
stretching range. After 41 days of storage (green spectra) in dry air,
bands related to Si-H vibrations are still observed and a weak SiOy
related peak is already seen. With further dry air storage of 139 days, the
amplitudes of the Si-H related peaks in the IR spectra decrease and the
amplitude of the SiOy related peak increases. After subsequent exposure
to humid air for a few hours, the residual bands related to bending and
stretching S-H vibrations disappear and the SiOy related peak increases
significantly. However, even after the exposure to humid air, the band
maximum in the IR spectra is not yet shifted to values typical for a closed
SiO, layer (~ 1240 cm™).

For comparison, XPS data are presented in Fig. 7 after storage for 40
days in dry air (top) and additional exposure to humid environment for 5
h (bottom). A weak contribution of Si1+(~100.8 eV) can be observed in
the Si 2p-XP spectrum for a sample stored for 40 days in dry air (Fig. 7,
top spectrum) in addition to the Si 2p3,2 (~99.3 eV) and Si 2p; /2 (—99.9
eV) components. From this finding, it can be concluded that the oxida-
tion of the surface has started, but no severe surface oxidation has
occurred yet. After exposure for 5 h to humid air the XPS spectra show
Si** (~102.9 eV) contributions related to parts of fully coordinated SiO»
(see Fig. 7, bottom spectrum). The presence of a Si** state indicates that
the surface has been only partially oxidized. For a monolayer of oxide, a
larger Si** amplitude would be expected [31].

The XPS results are in general agreement with the interpretation of
the IR data in Fig. 6, identifying a weak band in the SiOy range after 41
days of storage in dry air and a stronger peak in this range after exposure
to humid air. In summary, it can be concluded that even after 40 days of
dry air storage, no severe oxidation has occurred. Furthermore, after
exposure to humid air for a few hours, the interface is partially oxidized
but has not formed a closed SiO, layer. The finding indicates a non-
uniform oxidation for the Si(111) surface, which is in qualitative
agreement with findings in Ref [31].

3.3. Application to molecular functionalized silicon surfaces

Oxide-free H-terminated silicon surfaces functionalized with mo-
lecular monolayers can be used for passivation but also to tune the
interface properties [2] toward a wide range of applications from elec-
tronics to photovoltaics [7]. For example, alkyl monolayers (-CHs, -CD3)
on Ge(111) and Si(111) prepared by a halogenation/alkylation process
have been studied in detail by IR spectroscopy [57] and references
therein]. In the following, ellipsometric IR spectra of a CD3 monolayer
on Si(111) are discussed as an exemplary example for promising future
research and analysis applications in this field. tan'¥ spectra of a CD3
functionalized Si(111) surface are displayed in Fig. 8a for two different
preparations (see 2.1, sample # 1 and sample # 2). As with the
H-passivated Si(111) surface, a direct visual inspection of the polari-
metric spectrum allows the identification of bands with opposite TDMs,
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Fig. 5. Simulated band shift in p-polarized spectra for finite sized CO molecular islands, adapted from Ref [51].
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evident from the upward (in-plane) and downward pointing (out-of--
plane) peaks.

As discussed later, an optical simulation determining the oscillator
parameters (frequencies, halfwidths and strengths), can then serve for
more a detailed study of the monolayer far beyond the bare possibility of
identification.

From literature [57], the following positions and line widths are
expected for CD3-Si(111): 604 em™! (12-13 cm’l) and 979 cm™! (4-5
em™) for p (in-plane wagging) and & (out-of-plane umbrella) vibrations,
respectively. In our experiments for a CD3 monolayer on a highly doped
Si(111) surface (Fig. 8), band maxima read-out from the spectra are at
607 cm™! (603.5 cm"l) and at 975.4 cm™ (977.6 cm‘l) for sample # 1
(sample #2). In comparison with the literature values (with 4 cm’!

spectral resolution, [57]) differences in the range of a few wavenumbers
are seen for the observed band position; for the band widths, similar
values are observed compared to the data in Refs [35,57].

In contrast to the direct read-out of band frequencies, an optical
simulation can determine the exact oscillator parameters (see also Sec-
tion 2.3). An optical layer simulation (air/0.48 nm CD3-Si/Si) then de-
livers the optical constants (Fig. 8b). Notably, for the out-of-plane mode,
the simulated resonance frequency (indicated by dashed lines in Fig. 8a
and b) is about 3.5 cm™* lower than the read-out frequency. The shift is
slightly smaller than that observed for the Si-H stretching mode, yet it
still reflects the characteristics of a strong oscillator. The simulations
also reveal that the oscillator strengths of the in-plane wagging mode are
about a factor of 2-3 stronger than the one of the out-of-plane umbrella
vibration. However, because the TDM is in-plane oriented, the simulated
resonance frequency and the read-out frequency are similar.

It is important to note that the directly read-out band positions for
the out-of-plane related band are different to the resonance frequencies
determined from the optical simulation. The observed difference of
these band frequencies of a few wavenumbers is expected for bands
related to strong out-of-plane transition dipole moments with decreasing
average transition dipole moments. This could arise e.g. for a decreasing
density of oscillators [44] (similarly to the scenario displayed at the top
of Fig. 4a). For the two different preparations (#1 and #2, Fig. 8), the
simulated resonance frequencies of the umbrella mode differ by about
2.2 em™L. This could indicate a slightly lower average density of oscil-
lators for the present preparations. However, as the literature values
[35,57] were measured with 4 em’! resolution, a direct comparison to
our 1 cm™! measurements is only possible to a limited extend for the
bands with small FWHM (see also Figure S2 in the supplementary). For a
purely density-driven effect, a varying band frequency and amplitude
would be expected, similar as discussed in Fig. 4b. However, the
measured data in Fig. 8 show no amplitude variation for the §, mode,
but for the pj mode. Also a significant shift of approximately 3.5 em s
detected for the in-plane oriented mode for the two samples. This in-
dicates that, in addition to the discussed density effects, influencing the
frequency, also other physical effects contribute.
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In summary, this subsection demonstrated that optical simulations
closely match the read-out frequencies for the in-plane mode, whereas
notable discrepancies of several wavenumbers are observed for the out-
of-plane mode. For the CD3/Si(111) sample, these results, along with the
observed frequency differences between the two preparations, suggest a
complex scenario involving physical effects from local imperfections,
varying molecular density and possible adsorbates. However, this
finding was only achievable through the use of high spectral resolution
over a broad spectral range, combined with optical simulations to
interpret the experimental data. Relying solely on the analysis of a single
band without optical simulations could lead to incorrect conclusions.
Ongoing research on these surfaces focuses, e.g., on the optimization of
such methyl monolayers in dependence of different electrochemical
preparation conditions.

4. Conclusions

In this work it has been demonstrated that a pair of in-plane and out-
of-plane oriented vibrations allows one to investigate the degree of
passivation and degradation. The narrow bands related to out-of-plane
directed Si-H stretching vibrations with a strong transition dipole
moment are sensitive to amount and size of well-ordered domains but
cannot be used to conclude on the overall passivation of the surface. For
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such a purpose, either the band related to in-plane bending vibrations or
in addition a broad band in the range of the Si-H stretching vibrations
should be taken into account. However, because of its low amplitude
(lower than ~ 0.00015), this broad band in the spectral range of the Si-H
stretching vibrations can be easily overlooked in spectrally highly
resolved measurements. From a detailed discussion of the IR spectra that
include optical simulations, quantitative conclusions on the reduction of
the proportion of the initially perfectly passivated domains can be
drawn. The data also show that a large proportion of the surface is not
passivated by perfect Si-H domains and that oxidation of the surface is
non-uniform. In summary, our investigation shows that a pair of
anisotropic bands, particularly the interpretation of bands related to out-
of-plane vibrations with strong transition dipole moments, can serve for
detailed structural and morphological interpretations by accompanying
optical simulations. This analytic approach is feasible and useful in the
analysis of molecular interfaces, which is exemplarily shown for methyl
monolayers on Si(111). Future application of such approaches could be
also the usage in parallel broadband IR and soft X-rays radiation ana-
lyses, e.g. at the ELISA beamline at BESSY II in Berlin [58], which can
enable analyses with temporal and spatial overlap.
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