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Andreas Furchner, and Jérg Rappich

1. Introduction

This comprehensive optical study analyzes field manipulations of bands in

infrared (IR) spectra of thin films and functional surfaces for varying measure-
ment and sample conditions. Band variations related to the materials dielectric
functions, the measurement geometry, the film thickness as well as the direction
dependence of the probing electromagnetic fields are demonstrated. Examples
are discussed for isotropic polymer films (=200 nm polymethylmethacrylate
[PMMA]) on gold and silicon as well as an anisotropic hydrogen monolayer on a
Si(111) surface, characterized by IR-attenuated total reflection, IR microscopy,
and incidence-angle-dependent IR polarimetry. Even for fixed optical material
propetties, significant manipulations of band frequency and shape (shifts up
to ~14 cm ™' for PMMA, up to ~3 cm ™' for H-Si) occur in not only polarization-
dependent but also unpolarized spectra. The shown data underline that
polarimetric measurements and optical analyses are essential for a detailed

interpretation of band shapes.
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Thin film materials are essential in a wide
field of applications such as sensing,!"™
separation,[z's'(’] optoelectronics,[1'4'7]
energy,[l'5'8'9] transistors®1%!Y polymer
science, 1213 material research, corrosion
science,M! environmental sciencel® cataly-
sis,21* 1 and biomedicine.'**® The spe-
cific infrared (IR) spectroscopic method to
study these films must be chosen depend-
ing on the properties to be determined as
well as the kind of sample, the specific
material, and the environmental condi-
tions. Among these methods are IR micros-
copy,1'??% photothermal®~*! or near-field
scattering IR techniques,[26'27] 2D 1R,[2829
attenuated total reflection (ATR),**3% IR
transmission,?%313% external IR reflec-
tion,?>*! or ellipsometric/polarimetric TR
techniques.*?*>% Common for all methods is that the mea-
sured IR spectra are analyzed with respect to the apparent bands,
which are often related to vibrational contributions.

In this work, far-field, microscopic and ATR techniques in
reflection geometries are utilized. A sketch of a typical measure-
ment geometry for reflection measurements at an incidence
angle ¢, is displayed in Figure 1. For polarimetric measurements,
a polarizer is placed in the incident beam (subscript i) and an
analyzer in the reflected beam (subscript r), enabling s- and
p-polarized reflection measurements (s: polarization perpendicu-
lar and p: polarization parallel to the incidence plane) as well as
ellipsometric measurements. A detector measures the reflected
intensities (I;,=|E;,|) at a specific parallel polarizer/analyzer
setting. Intensities of the incidence beam are measured in an
empty channel in transmission (no sample) or by reflection using
a known gold reference sample. The ellipsometric parameters are
determined from intensity measurements at 0°, 45°, 90°, and 135°
polarizer azimuths?®® and are defined by the quantity p,*® which
is the ratio of the complex reflection coefficients , and 7,

p=-"L = tan¥e'2 (1)

T's

For refractive indices n; (ambient) > n, (film), ATR measure-
ments are performed. More details on the typical measurement
sizes discussed in this work are given in the inset on the right in
Figure 1.

Each IR technique delivers specific spectral measurement var-
iables, which can be interpreted by simulations!**-*3%40=#2l jn

© 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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reflected light:
elliptically polarized

measurement variables:

Rs = Isr/Isi
Rp = Ipr/Ipi
tan¥ = /R, /R
A= (A, -A4y)

for n;>n,:
ATR-abs. = —log(/,/I;)

Is,r = IEs,r|2; Is,i = IEs,il2

Ip,r = | Ep,rlz; Ip,i = |Ep,i|2

Figure 1. Sketch of measurement geometry for reflection measurements at an incidence angle ¢; at a layered sample with refractive indices ny (ambient),
n, (layer), and ns (substrate), ny < n, for far-field measurements, and ny > n, for ATR measurements. Some typical measurement variables are shown in

the inset on the right.

optical layer models using an adequate description for the mate-
rial optical functions. Numerical calculations based on solving
Maxwell’s equations at defined conditions such as finite element
methods, finite-difference time-domain method, or rigorous
coupled-wave analysis (limited to periodic systems) can support
the analysis of measured IR spectra.*!! A well-known analytical
interpretation of IR reflection (and transmission) is based on wave
propagation equations in a 4 x 4 transfer matrix formulation.[***4
This approach can be adopted to describe the reflection or the
transmission of arbitrarily anisotropic and homogeneous layered
systems.*>*¢) Special solutions can be used for selected isotropic
and anisotropic layers.’®*% In the presented work, SpectraRay/4
(Sentech Instruments GmbH, Germany) was used for optical
simulations based on the general 4 x 4 matrix formalism.

In the optical modeling, the vibrational contributions can be
included by oscillator models (e.g., by harmonic/Lorentzian?®***
or Voigt oscillators*”)). A best-fit simulation optimizing the
difference between measured and simulated spectra serves to
determine the respective material properties and geometrical
properties (such as thicknesses or structural properties).
Another result of the optical simulation is the material’s inherent
optical properties such as the complex refractive index
i = n, + ik or the complex dielectric function & = &, + i¢,, with
&, =n? —k* and ¢, = 2nk.

These complex optical functions are often depending on
ordering, morphology, composition, intra- and intermolecular
interactions, and anisotropy."*! For anisotropic and layered sam.-
ples, optical simulations are essential to determine these optical
functions. Only in a limiting case such as a bulk sample with
neglectable surface properties, the measured ellipsometric
parameters can be interpreted directly!*?

=@ = (s |1+ (152) )] ) 2)

As an example for such a case, an isotropic acrylic-glass bulk
sample has been studied. The spectral pseudoabsorption index k

Adbv. Photonics Res. 2023, 2300212 2300212 (2 of 10)

of acryl glass (polymethylmethacrylate, PMMA) determined from
an IR ellipsometric measurement using Equation (2) is shown in
Figure 2. General band assignments are also given. Some of the
bands are related to multiple vibrational contributions, which, in
turn, belong to complex displacement patterns involving differ-
ent molecular parts. For a detailed discussion of vibrational
assignments, we refer to Ref. [48].

The displayed absorption index k in Figure 2 is a material-
characteristic spectral fingerprint of the studied acryl glass. If
other acryl glass samples with different material properties such
as density, chemical structure, or tensions would be character-
ized, differences of the respective absorption indices would be
visible to the eye. Such visual inspections are often sufficient
to give a first answer to a specific analytical question.
However, such a procedure could lead to misinterpretations of

T T C‘HS T \/(C‘:O)I
0.4 1 Vs PMMA: %CH;C‘ 1 7
| (‘::O
0.3 OCH; a
v3:v(C-0) + p(CHy)
« |
0.2 1 v, v(C-0) + v(C-C) + 7(CH,) 1
AT 84(CHy)
3,5(CH;3)
0.1 B
0.0

1200 1400 1600 1800 2000
wavenumber / cm-!

Figure 2. Absorption index k of acryl glass determined ellipsometrically
using Equation (2). Some characteristic bands are assigned to stretching
(v), in-plane bending (), rocking (p), and twisting (7) vibrations of the
polymer according to ref. [48].

© 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

85UBD 1 SUOWILLIOD aA eI a|qedl|dde ay Aq peusenob 8 sejpie O ‘@SN Jo sajnJ Jo) Arig 1T 8uluO A8|1/M UO (SUONIPUOD-pUR-SWLBI 0D A | IM Ae.q Ul uoy//:Sdny) suonIpuoD pue swie | 8yl 8es *[£20z/2T/20] uo Arigi]auliuo Ae|im ‘ABojouyos | JO AisleAluN siew YD Aq ZTZ00€202 1dpe/z00T 0T/10p/wod A8 |im Areiq 1 pul|uo//:Sdny Woi) papeojumod ‘0 ‘€6266692


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEARCH

www.advancedsciencenews.com

IR spectra depending on the thin film properties, the chosen inci-
dence angle and polarization as well as the type of substrate
(semiconducting, insulating, or metallic).

In the following, we study the influence of the substrate
(metallic or semiconducting) as well as the incidence angle on
the measured IR spectra. Discrepancies between the observed
band properties in the absorption index and the imaginary part
of the dielectric function are discussed. Hydrogen-passivated sil-
icon surfaces as well as acrylic glass, PMMA layers on silicon,
and gold are investigated in case studies.

Hydrogen passivation of amorphous and crystalline silicon
bulk, films, and surfaces!**=* is technologically highly relevant
for the fabrication of integrated, sensing,®"! and solar cell
devices.’**% Examples for IR spectroscopic investigations of
hydrogen-passivated samples are identification and analysis of
the formation of Si-H,, groups,?®***”! the study of the ideality
of the formed passivated interface,””! the verification of the
removal or formation of an interfacial oxide layer,*® and the
analysis of a subsequent functionalization.”?

PMMA is a popular resist in microfabrication processes
involving electron beam, photo-, and soft lithography.”*** As
such, the technology to prepare high-quality thin films of
PMMA by, e.g., spin coating is well established. Moreover,
PMMA thin films are highly relevant for a wide range of appli-
cations,® including sensing,'®>° optical /photonic devices,*”*®
and microfluidic systems,'®” to mention a few. More recently,
PMMA has been instrumental to enable the transfer, passivation,
and functionalization of 2D materials.”’>73! For the latter,
PMMA has been shown to allow the diffusion of molecular dop-
ants and enable the spontaneous assembly of molecular layers on
graphene, with optimal results for a 200 nm thick PMMA layer
prepared by spin coating and baking at T=170°C."* In the lit-
erature, IR spectroscopy has been shown to be a useful tool for
PMMA analysis of vibrational,**”* conformational order,”>”®!
rheological,”! and optical properties.””]

www.adpr-journal.com

Here, typical IR techniques available in many labs are
discussed for the study of PMMA: ATR and IR microscopy at
low incidence angles. To understand the unpolarized measure-
ments with these two techniques, additional analytical optical
simulations and polarization-dependent measurements are per-
formed. Afterward, a detailed discussion of polarimetric spectra
at higher incidence angles is given.

2. Results

2.1. Isotropic PMMA Bulk and Layer Samples: ATR and IR
Microscopy

An ATR spectrum of acryl glass is investigated as a first example.
Figure 3 shows the previously introduced absorption index k
(blue) from ellipsometry measurements in comparison to the
measured ATR absorbance spectrum (red) of the same material.
Although the spectral signatures in the k and ATR spectra look
quite similar, there are obvious deviations. These differences
could originate from the fact that ATR measurements only probe
the top few pm of the acryl glass in a contact measurement,
whereas ellipsometry probes a much larger volume of the sample
in a noncontact fashion to determine k according to Equation (2).

Significant differences between the spectra are observed
for the two regions of strong vibrational absorption below
1200cm ™' and around 1730cm '. In both regions, the fre-
quency of the respective bands is significantly shifted between
the absorption spectrum k and the ATR absorbance reflection
spectrum. To display this shift more clearly, a zoom for
the region around 1730cm ' is presented on the right of
Figure 3. Despite the apparent shift, a calculated ATR spectrum
(black dashed line), computed by the shown k data, does in fact
reproduce the frequency of the band in the ATR spectrum. In
other words, a direct reading of the band frequency from a
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absorption index k (from ellipsometry)
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ATR-absorbance (measured)
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wavenumber / cm™!
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Figure 3. Left: Ellipsometrically determined absorption index k of acryl glass (blue) in comparison to the measured ATR absorbance [—log(//lo)] (red)
acquired with a 36 x Ge objective in a BRUKER Hyperion 3000 IR microscope at defined pressure level and controlled focus position with a photovoltaic
mercury cadmium telluride (MCT) detector®¥ at 1cm™" spectral resolution (p; =30 & 5.05°). Right: Zoom into the C=0 frequency region, with cal-
culations for solely in-plane (x,y: black thin line) and out-of-plane (z: magenta thin line) components. A calculated ATR absorbance spectrum based
on the k spectrum (black dotted line) is also shown.

Adv. Photonics Res. 2023, 2300212 2300212 (3 of 10) © 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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measured ATR spectrum could mistakenly yield a different
(wrong) frequency than the one seen in the absorption index
of the same material. Therefore, a direct reading of the band
could also lead to false conclusions on the material properties
of the sample.

Note that, although the studied material is isotropic, the bands
related to absorptions produced by its in-plane and out-of-plane
components of the same vibrational contribution are not identi-
cal. To illustrate this point, calculated ATR spectra with solely
in-plane (x,y: black thin line) and solely out-of-plane components
(z: magenta thin line) are also shown in Figure 3 (right).

For reflection experiments outside the range of optical total
reflection, the situation could be even more complex because
the vibrational bands observed in such reflection spectra are
more strongly modulated by a varying refractive index responsi-
ble for a spectrally varying transmission/reflection at the layer
surface/interface. Exemplarily, a 194nm (193.84 £+ 0.02 nm)
thick PMMA layer on an Au substrate was studied. The experi-
mentally determined dielectric function of PMMA on Au served
for the further analytical optical interpretations. Details on eval-
uation in a Dbestfit simulation are given in Supporting
Information.

The PMMA film was then measured with IR microscopy.
Figure 4 compares (a) an unpolarized reflection spectrum R with
(b) the corresponding absorption index k and the (scaled)
imaginary part of the dielectric function e,, as well as (c) s-

(@)
0.95
o — scaled 1-k
0.94 e
0.93
1710 1720 ‘{730 1746 1750 1760
(b) wavenumber / cm”
o 04 .
" — &,/3
2 021
@
e
O-O T T T T 1
1710 1720 730 174 1750 1760
(c) wavenumber / cm”
0.951
& 0.94 -\/
© 4
% 0.93 l — scaled 1-¢€
© 0.92- — R
X 0.91- — Rp
1710 1720 1730 1740 1750 1760

wavenumber / cm’’

Figure 4. a) IR-microscopic unpolarized reflection R (green) and scaled
“1 — k" spectrum (thin black line) of a 194 nm thick PMMA layer on
gold. b) Absorption index k (red) and scaled imaginary part of the dielectric
function ¢, (blue). c) s (magenta) and p-polarized (blue) IR-microscopic
reflection spectra Rs and R, and scaled “1—¢," spectrum (thin black line).
A 15x Cassegrain objective with an average incidence angle of 17° was
used at Tcm™" spectral resolution.
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and p-polarized reflection spectra Ry and Ry, The used IR micro-
scope’s Cassegrain objective has a rather low average incidence
angle (about 17°). The presented types of spectra exhibit marked
differences. Above 1735 cm ™', the band shape in R deviates from
the one in k and &, (Figure 4b). Comparing R with a scaled
“1 — k” spectrum (black in Figure 4a) makes this deviation more
apparent. The direction-dependent contributions in the whole
band become clearer in the polarization-dependent reflection
spectra, as indicated by a blue (in—plane contribution) and a
magenta (out-of-plane contribution) arrow (Figure 4c). The shape
of ¢, reflects very well the one of R, as can be seen by the thin
gray line in Figure 4c representing a scaled “1—e¢,” spectrum. On
the other hand, R, (magenta) shows a broadband that deviates in
shape from the one of both ¢, and k (imaginary parts of the opti-
cal functions). Qualitatively, this broad band in R, can be under-
stood by two spectrally differing absorptions related to in-plane
(separately observed in s-polarized reflection) (blue arrow) and to
out-of-plane (magenta arrow) directed absorptions.

In summary, the seemingly simple analytical problem to char-
acterize an isotropic bulk and an isotropic thin polymer film sam-
ple with IR-ATR and IR microscopy shows how complex the
interpretation of band shapes and band frequencies can be. In
fact, analytical calculations are required to understand the mea-
sured spectra quantitatively. Spectral comparisons with optical
functions and polarization-dependent studies support the under-
standing of observed band shapes in unpolarized IR-ATR- and
IR-microscopic spectra. For oscillators with high absorption, a
direct read-out of band frequencies from measured spectra is
not possible. The band shape in unpolarized reflection spectra
can be understood by considering different band contributions
for the same vibrational resonance in s- and p-polarized spectra.

In the following sections, these effects are investigated in
more detail. Thin isotropic polymer layers on a metallic and a
semiconducting substrate are analyzed with polarimetric meas-
urements at varying incidence angles.

2.2. Isotropic PMMA Layer on a Gold Substrate: Angle- and
Polarization-Dependent Reflection Spectroscopy

Figure 5 shows the calculated incidence-angle-dependent behav-
ior of unpolarized (R), p-polarized (Rp), and s-polarized (Rs) band
amplitudes at 1731 cm ™' of the 194 nm thick PMMA layer on
gold, as well as the ratio of R,/R,. At a low incidence angle,
the p- and the s-polarized contributions are of similar amplitude
(as also previously observed in Figure 4c at about 17° incidence
angle). For higher incidence angles, the so-called “surface selec-
tion rule””® dominates; the in-plane directed electric field is
screened, causing the suppression (although not perfect) of
the in-plane directed absorption for the PMMA layer on Au.
Results of a detailed incidence-angle-dependent spectral study
of the 194nm polymer layer are presented in Figure 6.
Normalized measured (a) and calculated (b) angle-dependent
negative R, and Ry spectra are shown. Excellent agreement
between measurement and calculation is found. Obviously,
the band shape depends on the incidence angle for the
p-polarized experiment, but it does not vary for s-polarized reflec-
tion. This behavior can be understood by the fact that electromag-
netic fields in direction of the surface normal exist only for the

© 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 5. Calculated incidence-angle-dependent unpolarized (R),
p-polarized (R,), and s-polarized (R;) band amplitudes (Rygopcm' —
Ri731cm-1) of a 194 nm thick PMMA layer on gold, and the ratio R/R..

p-polarized measurements. These fields can manipulate the
absorption in dependence of their strengths and the strengths
of the probed oscillator.”7*#% Therefore, the frequencies of
the band maximum increase stronger toward higher incidence
angles for the p-polarized spectra. The band shape in the
s-polarized spectra resembles the one in ;.

In summary, strong variations of band shape and band
frequency are identified in the measured p-polarized spectra
in dependence of the incidence angle. It is difficult, if not

www.adpr-journal.com

impossible, to identify resonance frequencies directly in the mea-
sured spectra (in agreement with the results of the previous sec-
tion on microscopic and ATR spectra) and that the observed band
shapes in the p-polarized spectra are deviating from those
observed in the material optical functions. Only for the s-polarized
spectra, the band shape resembles the one of ¢,. This suggests that
in the general case, even for an isotropic thin film, an analytical
optical interpretation of IR spectra is required for quantitative
considerations.

2.3. Isotropic PMMA Layer on a Silicon Substrate: Angle- and
Polarization-Dependent Reflection Spectroscopy

Similar to the PMMA layer on gold discussed previously,
Figure 7 shows normalized measured (a) and calculated (b) R,
and Ry spectra of a 183nm thick PMMA layer on silicon.
Again, good agreement is found between measurement and cal-
culation (based on the same optical constants as used for the
layer on gold, see Supporting Information). Pronounced varia-
tions in the spectra are observed with changes in incidence
angles. The band shape in R, varies significantly, which makes
it impossible to identify by eye bands that resemble those from
vibrational resonances in the material optical functions.
Different trends for the spectral variations are observed below
and above the Brewster angle (indicated by arrows). The band
shape is almost constant only for the s-polarized spectra (only
in-plane-related absorptions). However, for lower incidence
angles, some disturbances such as a slight baseline shift and

194 nm PMMA/Au: ¢, from 30° to 85°
(a) (b)
norm.
-Rp
14 1+
norm.
-Rs 65° 85°
30° 30°
O T T T T O T T T T T 1
1710 1720 1730 1740 1750 1760 1770 1710 1720 1730 1740 1750 1760 1770
wavenumber / cm™ wavenumber / cm™

Figure 6. Incidence-angle-dependent a) measured and b) calculated normalized p- and s-polarization-dependent negative reflection spectra (R, and
—R,) of a 194 nm PMMA layer on gold at 0.5cm ™" spectral resolution. To guide the eye, the vertical lines indicate the band maxima at the labeled
incidence angles (5° steps till 75°, 1° steps from 75°). Selected spectra are shown as thick lines: 30° (black), 70° (red), and 85° (magenta).
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183 nm PMMA/Si: ¢, from 30° to 85°
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Figure 7. Incidence-angle-dependent a) measured and b) calculated normalized p- and s-polarization-dependent reflection spectra (R, and R;) of a
183 nm PMMA layer on silicon at 0.5 cm ™" spectral resolution (5° steps till 75°, 1° steps from 76°). Selected spectra are shown as thick lines: 30° (black),

70° (blue), and 85° (magenta).

an overlaid resonance (due to polarizers, see Supporting
Information) are identified.

Figure 8 compares calculated band amplitudes for the
s-polarized reflection as expected for the 194 nm PMMA layer
on a gold and for the 183 nm PMMA layer on a silicon substrate.
Obviously, for the semiconducting substrate a considerable
contribution of s-polarized absorption is present even at higher
incidence angles. In contrast, this is not the case for the previ-
ously studied film on Au substrate where, due to the screening of

= 0017 —pmmarsi 1
14 —— PMMA / Au
e
iy
0.001 . . . .
0 20 40 60 80

incidence angle / °

Figure 8. s-polarized (R;) band amplitudes (R;1300cm — Rs1731cm1)
of a 194 nm thick PMMA layer on gold and a 183 nm thick PMMA layer
on silicon in dependence of the incidence angle.

Adv. Photonics Res. 2023, 2300212 2300212 (6 of 10)

the metallic substrate, the s-polarized contributions are signifi-
cantly reduced at higher incidence angles.

2.4. Anisotropic Monolayer on Silicon

As a last example, we discuss polarization-dependent IR
spectra of an almost perfect anisotropic monolayer sample:
the H-passivated Si(111) surface. A particularly noteworthy vibra-
tional band of this surface is the Si-H stretching vibration
because it exhibits only a transition dipole moment in direction
of the surface normal (z-direction). This allows for studying the
frequency shift and shape of a band with strong absorption
without a contribution of in-plane-related absorption. This also
means that no absorption can occur in s-polarized spectra.

Figure 9 (top) shows measured (black) and calculated (red)
p- and s-polarized reflection spectra (R, and Rs) of a pristine
H-passivated Si(111) surface. The observed band at about
2081 cm ™ is related to the absorption of the H-Si stretching vibra-
tions. For a best-fit simulation, a thickness of 0.48 nm, an n., of
1.69, and a harmonic oscillator in a uniaxial layer model were
assumed.

The results of the best-fit simulation for the direction-
dependent complex dielectric function (g; and &;) are shown
in Figure 9 (bottom). Interestingly, the mode at about
2080.8 cm ™! in the dielectric function is shifted strongly toward
higher wavenumbers in the measured R, spectra (2083.4 cm ™).
It is identified as a so-called Berreman mode.®"®’
This assignment was already discovered decades ago in

© 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 9. Top: Measured (black) and simulated (red) p- and s-polarized
reflection spectra (Rp, and R;) of an H-passivated Si(111) surface (65° inci-
dence angle, 0.5 cm " spectral resolution). Bottom: Direction-dependent

complex dielectric function, with real part 7 (black) and imaginary part ¢,
(blue).

ref. [84]. Somehow, this interesting property of H-passivated
Si(111) surfaces has fallen into oblivion. It does, however, have
interesting consequences for the interpretation of vibrational
bands in spectra of such H-passivated surfaces because the
Berreman mode is a “macroscopic phenomenon of electrodynam-
ics and not a microscopic problem of molecular dynamics”.®*! In
other words, despite the fact that such a macroscopic wave is
depending on the strengths, orientation, and density of micro-
scopic vibrational resonances (here Si-H stretching vibrations),
its excitation is a consequence of the samples geometry and mac-
roscopic dielectric function. Note that only small incidence-angle-
dependent shifts are expected for this mode in an ultrathin film.¢!
Such Berreman- and other epsilon-near-zero (ENZ) modes
have interesting methodic consequences. For example, reso-
nantly enhanced second harmonic generation (SHG) can be
observed from such modes®’ and they can be of advantage
for classical IR analysis of ultrathin films and structured surfa-
ces.®®# These modes have a broad potential for developments
in areas such as for novel platforms for photonic devices,”%*"
including switchable absorbers,®? optical fibers,”® compact
solid-state attosecond light sources,” and optomechanics.®*

3. Concluding Discussion
Several examples for IR spectroscopy of thin isotropic polymer

films on different substrates as well as an anisotropic

Adv. Photonics Res. 2023, 2300212 2300212 (7 of 10)
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hydrogen-passivated silicon surface were discussed as case stud-
ies for materials with vibrational oscillators from weak to very
strong oscillator strengths. For the isotropic polymer films,
the band shapes in s-polarized spectra are independent of the
incidence angle and are similar to the ones in the imaginary part
of the dielectric function. In contrast, strong spectral variations
are identified for p-polarized or unpolarized reflection measure-
ments. The band shapes related to strong oscillators are signifi-
cantly modified at low incidence angles by the spectrally different
contribution for in-plane and out-of-plane absorption. In
addition, such bands are observed at different frequencies for
increasing incidence angles. When studying a film on a semicon-
ducting substrate (here partial screening of the in-plane directed
dipole moments), the band shapes of such strong oscillators in p-
polarized spectra are substantially modified due to the
relatively stronger contribution of in-plane absorption.

In summary, the interpretation of such spectra that probe also
out-of-plane absorptions is only possible using optical calcula-
tions/simulations. For the 200 nm thick PMMA films on Au
and silicon as well as for the hydrogen monolayer on Si(111),
the strong influence of the oscillator strengths and incidence
angle on the observed band properties in IR spectra of thin films
was analyzed. The study of oscillator strengths is useful for mul-
tifold analyses, e.g., the oscillator strengths are material specific
and their direction dependence can be used for structural analy-
sis. In addition, because the oscillator strength is a direction- and
density-dependent property, the observed band properties can
also be strongly dependent on the morphology.”® For a homo-
geneizable material (the probing wavelength is much larger than
any structural unit), varying oscillator densities would also be
expected for material mixtures.

To conclude with a comprehensive picture of the situation, the
spectral variations in dependence of thickness, incidence angle,
and oscillator strength around the respective values of the stud-
ied PMMA film are calculated and visualized in Figure 10.
Figure 10a shows incidence-angle-dependent normalized p-
polarized reflection spectra for a constant thickness but with
varying oscillator strength. The results demonstrate a concurrent
dispersion of the band frequency in dependence of the incidence
angle and the oscillator strength. The front plane of the spectra
cube corresponds to an assumed strong oscillator (F =400 cm ™)
which would enable the excitation of a Berreman mode (close to
the position of & =0, n=k when n<1). For the used
I'=18.4 cm ™ this situation corresponds to the one of the H-pas-
sivated surface. The marked middle plane corresponds to the
properties of the studied PMMA film (F = 208.1 cm ™). The back
plane represents an assumed weak oscillator (F=50cm™"),
showing a band frequency close to the band position of the reso-
nance frequency. A separate band associated with the in-plane-
related absorption becomes apparent at low incidence angles.

Figure 10b visualizes the dispersion in dependence of the inci-
dence angle, but at a fixed oscillator strength. Here, in addition,
stronger superposed thickness-dependent influences are
observed. Because of a less effective screening of the in-plane
polarized absorption at higher thicknesses, the in-plane-related
absorption contributes more strongly to the observed band. At
low incidence angles (25°, 45°), this leads to decreasing band
frequencies with increasing thickness.

© 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Calculated spectral IR bands for a single fixed resonance (v,: 1731 cm™'; F: 208.1 cm™'; I": 18.4 cm™")
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Figure 10. Calculated normalized incidence-angle-dependent p-polarized reflection spectra of a PMMA film on Au in dependence of a) oscillator strength
and b) thickness. For the calculation, a single Lorentz oscillator (according to Figure S1, Supporting Information) was used to describe PMMA. The plane
for the used frequency of the oscillator at 1731 cm ™' is marked. Perpendicular to this plane, the other marked planes are a) the oscillator strength of
208.1cm™" (corresponding to PMMA material properties) and b) the thickness of 194 nm.

In conclusion, the shown manifold dependencies of observed
band properties in IR spectra of thin films suggest the necessity
of optical interpretations in order to understand the relations
of spectra to material properties, thickness, structure, and mor-
phology. On the other hand, optical interpretations also empha-
size that IR spectroscopy is a structure sensitive technique
suitable for detailed studies of interfaces, thin films, and multi-
layer samples. We would like to note that related effects can also
be present in transmission spectra and are not limited to the IR
spectral range.*”!
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