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The analysis of vibrational bands is a core application of infrared (IR) spectroscopy. Polarization-dependent
measurements enable the study of anisotropic materials. However, imperfect IR polarizers exhibit polar-
izer leakage, which causes pronounced bandshape and baseline distortions for samples with weak optical
anisotropy. Based on the 4 x 4 Mueller-matrix formalism, we propose a polarimetric measurement scheme
for handling imperfect polarizers and source prepolarization that delivers correct co- and crosspolarized
transmission and reflection IR spectra. The scheme is applied to a weakly anisotropic polypropylene sheet,
resolving crosspolarized signatures as small as 5-1075. We determine the polymer’s direction-dependent complex

refractive index in the vibrational fingerprint range.

1. Introduction

The anisotropy of a material’s optical, mechanical, physical and
chemical properties plays a key role in optoelectronic, photonic, poly-
mer, catalytic and biorelated research and applications [1-3]. Label-
free optical methods that work with polarized light are particularly
attractive for analyzing structural, functional, electronic and optical
anisotropy as they can measure polarization-dependent material char-
acteristics in a contactless manner [4-14].

Direct identification of anisotropies is possible by means of spectro-
scopic and microscopic techniques that measure crosspolarized optical
signals. Such spectroscopies are well-established in the visible to near-
infrared spectral range for imaging in biology, material science, photon-
ics and mineralogy [5-17]. For example, crosspolarized measurements
are used in optical coherence tomography of tissues as a tool to increase
the optical contrast [6-8], in microscopic imaging of biological [14]
and mineral [9] samples, in reflectance measurements of teeth [11], in
polarized photoluminescence excitation spectroscopy of carbon nano-
tubes [13], in scanning near-field optical microscopy of metallic grat-
ings [15] and plasmonic structures [10], and in ellipsometry of beetle
cuticles [18] and ordered nanostructures [19].

It is also known for the infrared (IR) spectral range that crosspolar-
ized spectroscopic measurements can improve the analysis of
anisotropic and heterogeneous materials. Crosspolarized IR-
spectroscopic measurements have been discussed for decades in several
ellipsometric applications [16,17,20-22] and applied, for instance, for
detailed studies of metamaterials [16] and their use in enhancing the
vibrational contrast of molecular monolayers [17].
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Recently, crosspolarized IR-polarimetric measurements served as a
quick identifier of anisotropies of aligned nanofibers used as substrates
for nerve-tissue regeneration [12]. Although the detected crosspolar-
ized signals were small, the specific orientation of molecular vibra-
tions, and the corresponding anisotropic and isotropic optical behavior,
could be directly identified in sample measurements under different
azimuthal rotations.

However, a systematic analysis of weakly anisotropic spectral band
contributions has not been performed yet for crosspolarized mid-IR
spectra in the so-called fingerprint region. One challenge here is that
mid-IR wire-grid polarizers are imperfect optical elements, in that they
leak a small but significant portion of orthogonally-polarized light with
respect to their principal polarization direction. Such leakage needs to
be considered for quantitative interpretation [23]. Examples in the lit-
erature so far only discuss copolarized measurements and how these are
influenced by potential effects from polarizer leakage [23,24]. These
previous studies aimed to measure “cross-contaminated” reflectances
and to retrospectively account for said leakage by applying various,
partially empirical, correction approaches.

An important implication for weakly anisotropic materials has so far
been disregarded: Intensity contributions due to the sample’s crosspo-
larizing properties can be similar to, or even much lower than, those
stemming from polarizer leakage of the copolarizing properties. The
mixing of cross- with copolarizing effects can cause pronounced vi-
brational bandshape and baseline distortions. Polarizer leakage can
therefore be detrimental even for qualitative band analyses, rendering
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naive crosspolarized measurements, and interpretation thereof, impos-
sible in such cases. It would thus be highly beneficial to have at hand
a measurement scheme and a systematic analysis that provides error-
free spectra and that covers both co- and crosspolarized data. Such
analysis would not only allow for an accurate description of vibrational
bandshapes but also enable the direct interpretation of crosspolarized
signals with respect to anisotropic and isotropic contributions.

Indeed, the polarizing properties of imperfect polarizers can be
improved by employing sets of tandem polarizers (paired wire-grids)
in the incident (polarizer) and detection (analyzer) path [20,22].
However, tandem polarizers naturally exhibit significantly lower trans-
mittances and thus lead to reduced signal-to-noise ratios of the already
potentially weak crosspolarized signals. Classical Fourier-transform
infrared (FTIR) spectroscopy thin-film sensitive investigations would
therefore require significantly longer measurement times.

In this article, we present a convenient measurement scheme for
obtaining co- and crosspolarized transmittances (reflectances) using a
conventional IR polarimeter equipped with single wire-grid polarizers.
This scheme circumvents the need for retrospective spectrum correc-
tions. It makes use of three sample intensity measurements at different
parallel and crossed polarizer/analyzer settings. The scheme accounts
for first-order leakage effects and is intended to work for polarizer ex-
tinction values as small as 100. It also accounts for partial linear source
prepolarization typically observed for FTIR spectrometers. Generaliza-
tions are possible for measuring signals with integrated polarimetric
imaging detectors or polarization-sensitive photodetectors, which are
highly relevant for polarimetric imaging applications [25,26].

We apply the scheme to measure the crosspolarized transmission
of a weakly anisotropic off-the-shelf polypropylene sheet. The experi-
mental data are evaluated using optical modeling based on anisotropic
Lorentzian vibrational oscillators to obtain both sheet thickness and
in-plane optical constants in the highly convoluted fingerprint range
(1700-780 cm™) of the material.

2. Measurement scheme

The transmittances T,, = |t,(y|2 (reflectances R,, = |rxy|2), given
by the square of the amplitudes of the polarization-dependent complex
transmission (reflection) coefficients lyy (rxy), describe the progression
of incoming y-polarized light into x-polarized light upon interaction
with the sample. For instance, T), is the crosspolarized transmittance
of “s-polarized in, p-polarized out”, and T, is the copolarized transmit-
tance of “s in, s out”, where p and s are defined, respectively, as parallel
and perpendicular to the polarimeter’s plane of incidence.

In an ideal measurement geometry with perfect optical elements,
one can acquire the co- and crosspolarized transmittances (reflectances)
simply by setting the input polarizer and output analyzer to the cor-
responding parallel or crossed configuration and referencing the mea-
sured intensity to a measurement in a parallel-polarizer configuration
without sample. To be concrete, for ideal polarizers, and an unpolar-
ized light source and a polarization-insensitive detector, the co- and

crosspolarized transmittances Ty, (reflectances R,,) are given by
. Iy, . Igg90
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where Ip 4 is the sample intensity measured under polarizer/analyzer
azimuths P/A in degrees, and Jp , is the corresponding reference mea-
surement of “air without a sample” used for intensity normalization. In
the above nomenclature, a setting of 0° corresponds to p-polarization,
whereas 90° refers to s-polarization. The ~ symbol indicates measure-
ments with ideal optical components.

When using an infrared polarimeter with imperfect polarizers, one
has to take into account the optical properties of the instrument’s
individual elements. In particular, the amount of polarizer leakage,
described by the polarizer’s inverse extinction ratio ¢, must be consid-
ered. Such an analysis is possible within the Mueller calculus [27,28],
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which describes how an input Stokes vector S;, = [s,5;, 55,5317 that
characterizes the polarization state of the incoming light is transformed
into an output Stokes vector S, after interaction with sample and po-
larimeter + detection optics. For a polarimeter consisting of a polarizer
and an analyzer—that is, a set-up geared towards measuring (polarized)
transmittances or reflectances—said transformation is given by

Souu=D-A-M-P-S§, 2

where M is the sample’s 4 x 4 Mueller matrix, P and A are the
polarizer and analyzer matrices (treated as linear diattenuators [27]),
and D is the detector matrix. For a polarization-insensitive detector,
D = diag(l, 1, 1, 1). The infrared source is often an FTIR spectrometer,
which tends to exhibit a certain degree of (linear) prepolarization
(s;/so # 0) originating mainly from the polarizing properties of the
FTIR spectrometer’s beamsplitter. One therefore usually observes input
Stokes vectors of the form S;;, = [sg, 5,0, 01T if FTIR and incidence plane
of the polarimeter are aligned.

The full treatment of the optical effects of the polarimeter com-
ponents can be found in Ref. [22]. Under the above assumptions
for S;, and D, simple expressions can be derived for the inverse po-
larizer extinction ratio ¢, the source prepolarization s,/sy, and the
sample Mueller matrix—the upper-left 2 x 2 block of which can be
expressed in terms of the co- and crosspolarized transmittances Ty,
(reflectances ny) for a non-depolarizing sample [28].

The polarizer’s inverse extinction ratio and the source prepolariza-
tion are calculated according to

19090+ Jooo

51 Joo = Joo00
2 Jop + Joo00

== (€))
5o Joo+ Je090
¢ (for a wire-grid polarizer in the fingerprint region) and s,/s, are
typically in the promille and percent range, respectively. These values
are small but not negligible when measuring crosspolarized signals of
weakly anisotropic materials.

For imperfect polarizers, the naive transmittances Txy from Eq. (1)
are related to the sample transmittances T,, as follows:

. R 2 N 3
Ty =T,y + c(Typ +T,58) + " (T — Tp)5 + O(c )

T, =T, +c(T,, + Ty,8) + *(T); — T,,)§ + O(c)

7 a2 . 3 )
Tps = Tps + (T + Tpps) +c (T(p - pS)S + O(c”)
Ty =Ty + c(Tys + T, 5) + A(T,, — T, )5 + O(Y)
Here, source prepolarization comes into play as
1+5,/s J,
sl = 1ts/so _ Joo ©

1=s1/50  Joogo
The above expressions have a simple interpretation: The leading-order
terms are the true transmittances 7}, . Their measured signals are being
modified by contributions of polarizer leakage. At first order [O(c)],
either the analyzer is not fully polarizing in the desired direction, or the
polarizer is leaking partially orthogonally polarized light onto the sam-
ple. The latter effect comes with an additional factor of § or 5 because
of the sensitivity to source prepolarization at the input side. Second-
order effects [((c?)], which are modulated when the source radiation is
partially polarized, account for a twofold leakage at both the input and
the output side. For instance, when measuring T’Xy, x-prepolarization
can leak through the input polarizer, is then converted upon sample
interaction into y-polarization, and finally leaks through the output
analyzer back into the x-polarization channel.

Egs. (4) express the naive transmittances Txy from Eq. (1) in terms of
T,, as well as c and s, /s,. Conversely, this permits us to invert and solve
for T,y . It follows that a minimal set of four sample measurements /p ,
and four reference measurements Jp 4 at distinct parallel and crossed
P/A settings is required in order to obtain all co- and crosspolarized
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transmittances:
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These formulae account for first-order polarization-leakage effects
[O(c)]. Higher-order effects are typically negligible for wire-grid po-
larizers in the fingerprint region < 2000 cm™!. The improved formulae
for obtaining co- and crosspolarized transmittances or reflectances are
suitable for polarizers with extinction ratios as low as about 100, or
¢ $0.01.

Note that the expressions in Egs.(4) and (6) are also useful for
IR spectroscopists who want to backtrace whether their measurements
based on the simplified assumption of ideal polarizers hold true. Pro-
vided the appropriate calibration measurements Jp 4, the original naive
measurements from Eq. (1) can be improved in retrospect by calculat-
ing Txy according to Egs. (4) and (6).

It is also noteworthy that the above considerations can be gener-
alized for polarization-sensitive detectors by modifying the matrices
D - A in the polarization-state analyzer of the polarimeter accord-
ingly. This would allow accurate co- and crosspolarized measurements
when employing integrated polarimetric imaging detectors [25] or
polarization-sensitive photodetectors [26].

3. Results

We applied the measurement scheme for suppressing unwanted
effects from imperfect polarizers to a weakly anisotropic off-the-shelf
polypropylene (PP) sheet (Isfort BiiroTIPP!, Germany) with a nominal
thickness of 33.5um. All presented measurements were conducted at
normal incidence and at 2cm™! spectral resolution using a custom-built
infrared polarimeter equipped with a polarization-insensitive photo-
voltaic mercury—-cadmium-telluride detector and single wire-grid po-
larizers (KRS-5, 0.25 pm wire spacing, Specac Ltd.) as polarizer and
analyzer. The set-up was purged with dry air and attached to a Bruker
Vertex 70 Fourier-transform spectrometer with a silicon carbide globar
as thermal radiation source.

To demonstrate the influence of polarizer leakage on crosspolarized
signals, the PP sheet was measured using either the naive approach
according to Eq. (1) or the improved scheme of Eq. (6). Prior to the
measurements, the sample was azimuthally aligned such that, at 0° ro-
tation, its two in-plane principal axes coincided with the polarimeter’s
p- and s-polarization directions, as will become apparent later.

Fig. 1 shows typical measurements of crosspolarized transmittances
T, (and T,) in the PP fingerprint region obtained under various
azimuthal sample rotations. Film interference fringes emerge in the
transparency window above 1500cm™'. These would not appear in
isotropic materials but are present for anisotropic samples as a result
of small differences in the in-plane refractive indices (birefringence),
making visible even minute differences in the optical thicknesses n, xd
and n, x d. A highly convoluted collection of anisotropic vibrational
bands is seen below 1500 cm™!.

Fig. 1 (top) showcases T, spectra obtained at maximal and minimal
crosspolarization, that is, under 45°/135° and 0°/90° azimuthal sample
rotation. Baselines of zero are expected in spectral regions without
anisotropic contributions. This is observed only in a few places in the
absorbing range because virtually every PP vibrational band exhibits
some degree of anisotropy. However, T,, is zero over the entire spectral
range for 0° and 90° sample orientation. In these positions, the two
in-plane principal axes are aligned with the polarimeter’s coordinate
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Crosspolarization with Improved Scheme vs. Naive Formula
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Fig. 1. Crosspolarized transmittance 7, of a weakly in-plane anisotropic polypropy-
lene sheet measured under different azimuthal sample rotations. Transmittances
were calculated assuming either ideal polarizers (TPX) after Eq. (1) or imperfect
polarizers (7)) after Eq. (6). Top: Measurements at minimal and maximal crosspolar-
ization (0°, 90°; 45°, 135° azimuth). Bottom: Measurements between 0° (p-polarized
orientation) and 90° (s-polarized orientation).
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Fig. 2. Measured and fitted crosspolarized transmittance T,  of the anisotropic
polypropylene sheet, shown at selected sample azimuths of minimal and maximal
crosspolarization.

system, resulting in pseudo-isotropic optical responses. Measurements
under 45° and 135° sample orientation are expected to yield the
strongest crosspolarized signals. With T, values smaller than 0.001,
the polymer sheet’s in-plane anisotropy is apparently rather weak.

Fig. 1 (bottom) depicts how T, measured with the improved scheme
compares with the naively obtained Tp: under varying sample azimuths
between 0° and 90°. Pronounced bandshape and baseline distortions
are observed in 7). In fact, T, never drops below 0.001 for wavenum-
bers < 1350 cm™!. Predictably, this value is close to the wire-grid
polarizer’s inverse extinction of ¢ ~ 0.001...0.002 in the presented
spectral range. Furthermore, the bandshapes are strongly distorted,
rendering a direct quantitative, or even qualitative, analysis impossible.
In stark contrast, the improved scheme for obtaining T, leads to correct
bandshapes and baselines, thus enabling qualitative and quantitative
interpretations with regard to weak anisotropy.

Intermediate values between zero and maximum crosspolarization
are found for the remaining angles. For symmetry reasons of the
material’s dielectric tensor, the respective measurements at 45° + 0 are
identical.
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In-Plane Refraction and Absorption Properties
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Differences Between In-Plane Components
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Fig. 3. Fitted absolute values (left) of, and differences (right) between, the in-plane refraction (n;, top) and absorption (k;, bottom) properties of the anisotropic polypropylene

sheet.

This symmetry is seen in the naively calculated transmittances, too.
However, because the much stronger leaking copolarized signals mask
the crosspolarized signals of interest, a quantitative band analysis and
identification of isotropic and anisotropic effects are not possible for
T,,- In fact, from such naive measurements without the inclusion of
c-terms in Eq. (4), one could wrongly deduce that the sample exhibits
more complex anisotropic properties than it actually does.

Interestingly, with Eq. (4) and post-hoc knowledge of the sample’s
in-plane principal axes, one can understand the observed band in-
tensities in the naive crosspolarized transmittances. Due to polarizer
leakage, maximum band amplitudes in Tps are found at 0° and 90°
sample orientation where the copolarized transmittances, and hence
the leaking signals, are maximal.

Having at hand accurate crosspolarization data of the weakly
anisotropic polymer sheet is a prerequisite for the quantitative inter-
pretation of the material’s optical response. We now apply conven-
tional optical modeling techniques to quantify the in-plane components
(x and y) of the polypropylene sheet’s anisotropic complex dielectric
tensor

e 0 0 (ny + ik,)? 0 0
e=[0 ¢ O0f= 0 (ny + ik )? 0 . %)
0 0 g 0 0 (n, +ik,)?

i.e., the in-plane refraction (n;) and absorption (k;) properties. The
azimuth-dependent complex transmittances were calculated by employ-
ing a 4 x 4 transfer-matrix algorithm [29] for a simple anisotropic layer
model consisting of “Air /PP Sheet / Air”. The dielectric function

g;(V) = eg’) + 2 E;{)vib(‘?)’ j=x.yz (€))
n

of PP was composed of anisotropic Lorentzian-shaped vibrational os-
cillators eg)vib, which describe the numerous vibrational absorption
bands, plus a direction-dependent high-frequency dielectric constant
ef,{?, which accounts for birefringence from electronic and other vibra-
tional transitions that occur at higher energies outside the considered
spectral range [30,31]. In order to minimize the number of fit parame-
ters and the correlation between them, oscillator positions and widths
were kept the same in x and y direction, whereas oscillator amplitudes
were allowed to vary.

The dielectric tensor and the orientation of the PP sheet’s prin-
cipal axes were fitted by applying a standard y? minimization [30]

between theoretical and measured multi-azimuth data. Additionally,

the PP thickness d was fitted, including a small linear thickness gradient
(320 nm) within the measurement spot due to inhomogeneities of
the polymer sheet. Results are shown in Fig. 2 for measured and
calculated T, at selected azimuths of minimal and maximal crosspo-
larization (0°, 90°; 45°, 135°). Both the transparent region above and
the absorbing region below 1500 cm™! are well-described by the model.

The weak T, signatures of less than 0.001 already imply a rather
weak anisotropy of the PP sheet. Indeed similarly small are the differ-
ences between the fitted components of the complex refractive indices
of the two in-plane directions (n, — n, and k, — k), as depicted in
Fig. 3. These differences are in fact barely noticeable at the level of
the absolute n ; and k ; data (also shown in Fig. 3).

A detailed discussion of the rich vibrational fingerprint of PP is
beyond the scope of this article. However, the observed different band-
shapes already point toward differing orientations of the related tran-
sition dipole moments.

The above quantification of the PP sheet’s anisotropic dielectric
tensor hinges on the accurate measurement of crosspolarized polari-
metric data. Our improved scheme for acquiring co- and crosspolar-
ized transmittances (reflectances) accounts for both polarizer leakage
and potential source polarization. The scheme has thus enabled de-
tailed quantitative insights into the vibrational bands of this weakly
anisotropic polymer sample.

4. Conclusions and outlook

Polarizer leakage causes bandshape and baseline distortions in
crosspolarized polarimetric measurements. These disturbances can be
so strong that direct spectra interpretations with respect to isotropy and
anisotropy of the studied material become unfeasible. A polarimetric
measurement scheme for handling the errors due to polarizer leakage
and source prepolarization was proposed and proven to be applicable
for the band analysis of crosspolarized spectra of weakly anisotropic
polypropylene sheets. Corresponding measurement schemes will be de-
duced for the analysis of generalized ellipsometric amplitude and phase
parameters. This work is of particular relevance for IR-polarimetric
investigations of anisotropic functional thin films but also for in situ
and operando studies of anisotropic processes such as film growth or
reactions at catalytic surfaces.
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