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Abstract

Fourier transform infrared spectroscopy (FTIR) is a fast and non-destructive ana-

lytical method widely used for material characterization. However, when applied to

the analysis of polymer-coated silicon wafers, it is complicated by challenges such as

interference fringes and spectral distortions, which hinder accurate interpretation of

the spectrum. To overcome these difficulties, this thesis focuses on the development

of advanced computational methods for refining FTIR spectra and enabling reliable

interpretation.

This study explores the impact of thickness variations of the polymer layer on the

optical behavior with the ultimate goal of gaining information on the bulk prop-

erties of the polymers. Polymers such as polymethyl-methacrylate (PMMA) and

polystyrene (PS) were analyzed using FTIR spectroscopy. Furthermore, it was ob-

served that the substrate (silicon) has a pronounced fringe pattern and thus distorts

the spectrum. This observation makes the spectral correction more challenging. For

this correction, an algorithm was developed. To ensure the accuracy of the algo-

rithm, the calculations implemented were verified and tested by applying them to

the simulated data. Moreover, the algorithm was able to determine the thickness of

the polymer layer and refractive index of the polymers studied.

This research successfully corrected the absorption spectra for thin polymer layers

on silicon substrates. In addition to determining the polymer layer thickness and

refractive index with high precision, modifications of the experimental setup were

required. 3D printed apertures were implemented that improved the control of the

angle of incidence. Despite these advancements, the absorption spectra of thicker

polymer layers presented greater analytical challenges because of the increased in-

terference effects in the spectra.

These findings have practical applications within the semiconductor industry, in

particular in the production of wafers. It enables monitoring of the thickness and

uniformity of the polymer layer during the fabrication process. Therefore, this

work contributes to the advancement of FTIR spectroscopy as a tool for material

characterization, enabling its application in research and industry.
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Kurzfassung

Fourier-Transformations-Infrarotspektroskopie (FTIR) ist eine zerstörungsfreie und

einfache Analysemethode, die häufig zur Materialcharakterisierung verwendet wird.

Bei der Anwendung auf polymerbeschichtete Siliziumproben wird die Interpretation

der Spektra jedoch aufgrund von Interferenzmustern und Verzerrungen in den Spek-

tra erschwert. Der Fokus dieser Arbeit liegt auf der Entwicklung eines mathematisch

unterstützten Algorithmus, der FTIR-Spektren korrigiert und eine zuverlässige In-

terpretation ermöglicht.

Im Rahmen dieser Arbeit wurde auch der Einfluss von unterschiedlichen Schicht-

dicken der Polymere auf die optischen Eigenschaften untersucht, mit dem Ziel, In-

formationen über die Struktur und Eigenschaften innerhalb der Schichten zu gewin-

nen. Dabei werden Polymere wie Polymethylmethacrylat (PMMA) und Polystyrol

(PS) mit Hilfe FTIR-Spektroskopie analysiert. Außerdem wurde festgestellt, dass

das Substratmaterial, nämlich Silizium, ausgeprägtere Interferenzmuster aufweist als

Gold. Diese Beobachtung erschwert die spektrale Korrektur. Zur Behebung dieses

Problems, wurde ein Algorithmus entwickelt, dessen Genauigkeit durch Berechnun-

gen überprüft und anhand von simulierten Daten getestet wurde. Der Algorithmus

ist in der Lage, sowohl die Schichtdicke als auch den Brechungsindex der unter-

suchten Polymerschichten zu bestimmen.

In dieser Arbeit konnten Absorptionsspektren für dünne Polymerschichten auf Siliz-

iumsubstraten erfolgreich korrigiert werden. Darüber hinaus konnte die Schicht-

dicke und der Brechungsindex der Polymere bestimmt werden. Diese Bestimmung

wurde optimiert durch Anpassungen des experimentellen Aufbaus. Es wurden 3D-

gedruckte Blenden eingesetzt, um den Einfallswinkel einzuschränken. Trotz dieser

Fortschritte stellten die Absorptionsspektren dickerer Polymerschichten wegen stärk-

erer Interferenzeffekte größere analytische Herausforderungen dar.

Diese Erkenntnisse finden praktische Anwendung in der Halbleiterindustrie, ins-

besondere bei der Herstellung von Wafern. Darüber hinaus ermöglicht dies die

Kontrolle von Dicke und Homogenität der Polymerschicht während des Herstel-

lungsprozesses. Diese Arbeit leistet einen Beitrag zur Weiterentwicklung von FTIR-

Spektroskopie und ermöglicht die Materialcharakterisierung von Polymerproben.
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1 Introduction

1.1 Aim of Thesis

The goal of this thesis is to better understand the mid-infrared spectra of polymer

films on high-refractive-index materials (e.g. silicon) or reflective materials (e.g.

gold). Specifically, the main focus of this project lies on the refinement of FTIR spec-

tra of polymer-coated silicon wafers through advanced computational data analysis.

Additionally, the variations in polymer layer thickness and composition are inves-

tigated and their influence on the optical properties is determined. This research

has significant potential to establish a robust database for the automatic removal

of interference effects visible in the spectra, facilitate the comparison of unknown

compounds and reduce the reliance on manual analysis.

This project is conducted within the Institute of Chemical Technologies and An-

alytics in the research group process analytics with the support of an industrial

partner. By combining experiments with simulation models, this research seeks to

provide a comprehensive understanding of the interaction between IR light and these

materials.1

The polymers which have been studied throughout this thesis included imides,

polymethyl-methacrylate (PMMA) and polystyrene (PS) which where chosen due

to their exceptional physical, mechanical and optical properties. These attributes

make them valuable for applications that require optical transparency, mechanical

strength and corrosion resistance. However, analyzing their infrared spectra when

spin-coated on silicon wafers presents a challenge because of the influence of the film

thickness on the spectra and the formation of fringes.2–4

For the analysis of these materials FTIR spectrometers from Bruker and Thermo

Fischer were utilized. Despite having distinct software interfaces and appearances,

the measurement settings could be configured in both, achieving functional equiva-

lence.

This project addresses these complexities by developing methods for the refinement

of infrared spectra and analyzing the interplay of film thickness and optical proper-

ties. Furthermore, it aids in the characterization of polymer-coated materials.5,6

1.2 Infrared Spectroscopy

Spectroscopy is the study of the interaction of matter with any part of the electro-

magnetic spectrum which is comprised of radiation at different wavelengths ranging
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from gamma rays, UV-VIS, infrared to radio waves. These waves travel at the speed

of light and can be described through the following relation:1

E = h f =
h c

λ
(1)

where E corresponds to the energy of a photon, f is the frequency of the radiation

and h is Planck’s constant which is 6.634× 10−34 J s. The frequency is equivalent to

the speed of light c0 3× 108ms−1 divided by the wavelength λ0 in vacuum.1

The infrared region comprises the wavenumbers of 10-12 500 cm−1. It is divided into

the mid-infrared (400-4000 cm−1), near-infrared (4000-12 500 cm−1) and far-infrared

(10-400 cm−1).7

The underlying phenomenon of infrared spectroscopy is based on the ability of a

molecule to absorb infrared radiation. Mid-infrared spectral features can be related

to the vibrational modes of molecules. These vibrational modes are determined by

the structure of the molecule and are categorized as bond stretching or bending

vibrations. These independent modes correspond to the vibrational degrees of free-

dom. Each molecule exhibits different vibrations, producing a unique spectrum for

each molecule. Thus, mid-infrared spectroscopy is used to elucidate the molecular

composition of materials.8,9

The absorption of infrared photons induces transitions between the rotational and

vibrational energy levels. For the absorption to transpire, the frequency needs to

correspond to one of the molecule’s natural vibrational modes. The energy of mid-IR

photons is too low to lead to excitation of electronic energy states.1,8,10

Molecular vibrations can be described using either the harmonic or anharmonic

oscillator (figure 1). The harmonic oscillator assumes that the atoms vibrate with

harmonic motion and therefore, the force that acts on the molecule is proportional

to their displacement. The potential energy of the harmonic oscillator is described

by eqn. (2).8

In contrast, the anharmonic oscillator also considers the potential energy curve of

each bond (eqn. (3)). The vibrational frequency of a molecule is dependent on the

bond strength k and the reduced mass µ of the bonded atoms.8

Vi,v = h vosc(v +
1

2
) (2)

Vi,v = h vosc(v +
1

2
) + hvoscx(v +

1

2
)2 (3)
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where h corresponds to Planck’s constant, vosc is the fundamental frequency of the

mode, v denotes the vibrational quantum number of the same mode and x is the

anharmonicity constant.8

Figure 1: The potential energy of a molecule is plotted as a function of the atomic
displacement during a vibration of the harmonic and anharmonic oscillator.8

A non-linear molecule with N atoms has 3N degrees of freedom that are categorized

into three translational degrees of freedom in three perpendicular directions, three

rotational degrees of freedom around the x,y and z axis and 3N-6 vibrational degrees

of freedom. In contrast, a linear molecule only has two rotational degrees of freedom,

resulting in 3N-5 normal vibrational modes.8,10

Functional groups are expected to exhibit characteristic absorption frequencies that

would allow their presence in a compound to be elucidated. However, the interpre-

tation of such a spectrum can be more complicated for a compound comprised of

many atoms. This complexity arises from the various effects such as steric effects,

electrical effects, size, phase change, electronegativity of neighboring atoms, over-

lapping and hydrogen bonding which all may cause boradening of bands and shifts

in frequency.10

Infrared spectroscopy not only characterizes the molecular structure but also quanti-

fies the concentration of the molecule, as the absorbed infrared energy is proportional

to the concentration of the molecule.10
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1.2.1 Mid-Infrared Spectroscopy

Mid-infrared (mid-IR) provides insights into the composition and optical character-

istics of materials. It is a favored technique, due to its non-destructive behavior

and its speed. Moreover, it enables the measurement of molecules in any phase

(gas, liquid or solid) and identifies physical and chemical defects within the molec-

ular structure. Thus, mid-IR spectroscopy can aid in understanding the surface

and interface behavior of solid-state devices which is of particular importance in the

semiconductor industry.8,11

The functional group region of the spectrum, which spans from 1600 to 4000 cm−1,

is characterized by peaks that correspond to the stretching motions of the atoms.

This region is easy to interpret, as the peaks are evenly spaced. In contrast to

the fingerprint region, which ranges from 500 to 1600 cm−1, is more complex, with

overlapping peaks. However, the fingerprint is very representative and unique to

each molecule making mid-IR spectroscopy a highly selective technique.9

1.2.2 Fourier Transform Infrared Spectroscopy

FTIR spectroscopy is a vital and established analysis tool which is widely imple-

mented as a spectroscopy method that relies on interferometer such as the Michelson

interferometer as its fundamental component. It has a high energy throughput, re-

sulting in a higher signal to noise ratio in a short amount of time. FTIR has a

wide range of applications, including material science, environmental monitoring

and medical research.8,12,13 Additionally, FTIR can be used as a first-line analysis

tool for the identification of functional groups on chemical compounds, enabling

both bulk and surface analysis9

This sensitive spectroscopy method is based on a two-beam interferometer known

as the Michelson interferometer, which was first designed by Michelson in 1891.

This instrument first splits a polychromatic light beam into two paths due to a

beamsplitter. The two light beams of which one is reflected to a fixed mirror and

the other one partially transmitted to a mirror that moves along an axis are then

returned to the beamsplitter. Due to one mirror being fixed and the other one

moving along an axis a path difference is introduced. At the beamsplitter the

two light beams interfere constructively or destructively depending on the path

difference between the two arms and are again partially reflected or transmitted.

The intensity of the light beams which reach the detector or return to the source is

affected by the path difference. The variation in intensity can be measured overtime

as a function of the path difference resulting in an interferogram containing the
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spectral information. This data is subsequently converted into a frequency domain

spectrum by applying Fourier transformation. The resulting spectrum displays the

intensity of light absorbed at different wavenumbers proportional to the frequencies,

providing a detailed characterization of the molecular structure of the material being

analyzed.7,8,13

The signal that is recorded by the detector is proportional to the intensity of the

source, the beamsplitter efficiency, sample absorption, detector response and am-

plifier characteristics. The measured interferogram is a composite of the individual

interferograms that correspond to each wavelength when radiation of multiple wave-

lengths are emitted by the light source.8

FTIR instruments are equipped with a helium-neon laser which aids in reading out

the mirror position for the interferometer, a resistively heated silicon carbide rod

known as Globar and a mercury-cadmium-telluride (MCT) detector (in the case

of the instruments used in this work). A Globar is a broadband infrared source

which emits wavelengths that are subsequently modulated via an interferometer.

The MCT detector belongs to the class of photon detectors, which operates by

absorbing infrared radiation to excite electrons, thereby generating an electrical

signal. To minimize thermal noise and achieve optimal performance, the detector

requires cooling, usually with liquid nitrogen (77K).8,14

A distinct feature of the MCT detector is its ability to respond to weak light intensi-

ties while being robust to changes in modulation frequency. It is used for wavelengths

between 3-30 µm. This sets it apart from pyroelectric detectors, belonging to the

class of thermal detectors, which has a spectral range of 8-14 µm. The pyroelectric

detector is less suitable for high-frequency applications as it is more susceptible to

these changes. This type of detector is operated at room temperature and has a

lower sensitivity as well as slower response, but it is cheaper.14–16

In addition, the MCT detector is able to capture the entire infrared band from the

near IR to the far IR making it very versatile in its application. MCT detectors can

achieve high absorbance sensitivity due to its high resolution measurements of light

intensity.13,14,16

1.2.3 Optical Properties

As light travels through a medium, its electromagnetic waves interact with the

material’s atoms or molecules, inducing a dipole moment. This dipole moment, in

turn, reradiates an electromagnetic field, which is a result of the oscillating charge,

and absorbs some of the energy at specific oscillation frequencies corresponding to
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the energy required to excite the atom or molecule. The collective effect of these

dipole fields, combined with the incident field, results in the total macroscopic field

within the material. The dielectric function provides a mathematical framework

for understanding this interaction, relating the displacement field, incident electric

field, and electric polarization to each other, and thereby, describing the material’s

response to electromagnetic radiation.17

Furthermore, the dielectric function (ε) relates to the complex refractive index (n′)

via the relationship: ε = n′2. These two functions can be summarized as the optical

properties of a material and are comprised of the real and imaginary part, providing

information on the alteration of light through interaction with a material. The

complex refractive index is given by equation (4).17–19

n
′

i(ν̃) = ni(ν̃) + iκi(ν̃) (4)

The refractive index is given by n′(ṽ) and the imaginary refractive index, also known

as the absorption index, is given by κ(ṽ).20

1.2.4 Bouger-Beer-Lambert’s Law

The Bouger-Beer-Lambert’s law (eqn. (5)) is a fundamental law of quantitative

spectroscopy, describing the attenuation of light traveling through an isotropic and

homogeneous material. It states that the absorbance of a sample is proportional to

the molar concentration and thickness of the sample by taking the molar extinction

factor into account.8,21

A(ν̃) = log10
I(ν̃)

I0(ν̃)
= ϵ c d (5)

where A(ν̃) is the absorbance, I(ν̃) is the intensity of the transmitted radiation,

I0(ν̃) is that of the incident radiation, ϵ is the molar absorption coefficient, c is the

molar concentration and d the sample thickness.8

Bouger-Beer-Lambert’s law is only applicable when the absorption bands solely fo-

cus on specific wavelengths and are low in absorption. Hence, nonlinearities can

arise due to several effects including instrumental or chemical effects, leading to

inaccurate results. Chemical effects occur due to polymerization, association, and

complexation while instrumental effects can arise from the spectrometer’s resolution

and sample placement. To reduce these effects, the spectrometer’s settings and sam-

ple preparation require optimization. Furthermore, real light sources have a finite

spectral bandwidth, leading to averaging errors. It is crucial that the measurement
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is repeatable.8,22

Furthermore, if the absorption is high Bouger-Beer-Lambert’s law cannot be applied

because of local field effects. In addition, multiple reflections within the sample

change the light wave amplitude due to interference. This leads to changes in the

electric field intensity, which is also dependent on the location and sample thickness,

resulting in a non-uniform absorbance distribution and shifts in the position of the

absorption maximum.22

1.3 Infrared Reflectance of Thin Films

The analysis of infrared reflectance spectra of thin films is intricate, requiring careful

considerations of the light’s passage through three distinct layers and the angle of

incidence. This complexity arises from the interplay between measurement condi-

tions and material properties, which can induce intensity variations and line shape

distortions in the spectra. As a result, the interpretation of these necessitates a

higher degree of precision and care in data analysis to ensure accurate and reliable

results.23

A crucial step in the analysis of thin films is the selection of a suitable substrate. A

highly reflective material, such as a metal like gold which has a reflectivity of 98%, is

preferable. The high reflectivity of these substrates can be attributed to the mobile

electrons within the material, which are not able to propagate the electromagnetic

wave. Such substrates are easily fabricated and relatively inexpensive in comparison

to transparent materials that are commonly used for mid-IR spectroscopy, such as

calcium fluoride (CaF2).
20

The three layer systems composed of air, polymer and substrate produce fringes,

which originate from the interference between the reflected light from the air-film

interface and the film-substrate interface depicted in figure 2 and depend on the

wavenumber. Interference is caused by overlapping of waves of identical wavelength,

leading to constructive or destructive interference.3,6

Figure 2: Three layer system comprised of air, thin film of a polymer and substrate.3
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The formation of the fringes is illustrated in figure 3, and complicates data analysis,

the traditional model, Bouger-Beer-Lambert’s law, assumes linear absorbance that

is proportional to the concentration and path length, but does not describe this

complex system entirely.24 Thus, the analysis of thin films needs to take wave optics

and electric field intensities into account as band ratios and positions are dependent

on the thickness of the film. As the absorption is proportional to the electric field

intensity, an increased or decreased absorption may be caused by an electric field

standing wave (EFSW).3,6,24

Figure 3: Depiction of the effect of multiple reflection within the polymer resulting
in fringes.

Furthermore, reflection only takes place at an interface where the complex refractive

index changes. The complex reflection amplitude is governed by Fresnel’s equations

(eqn. (6a)) and is a function of the refractive indices of air, film and substrate as

well as the angle of incidence, polarization of light and film thickness. Polarization

refers to the orientation of the electric field vector of the electromagnetic wave

relative to the plane of incidence. The incoming light is composed of two orthogonal

components: one with the electric field vector perpendicular to the plane of incidence

(s-polarization) and another with the electric field vector lying within the plane

of incidence (p-polarization). The combination of these two components through

linear superposition describes the overall electric field vector of the incident wave

and influences how the wave interacts with the interface.8,20,25,26

10



rj =
r12,j + r23,j exp(2iϕ)

1 + r12,jr23,j exp(2iϕ)
, j = s, p (6a)

r12,s =
k′
1 − k′

2

k′
1 + k′

2

, r23,s =
k′
2 − k′

3

k′
2 + k′

3

(6b)

r12,p =
n′2
1 k

′
2 − n′2

2 k
′
1

n′2
1 k

′
2 + n′2

2 k
′
1

, r23,p =
n′2
2 k

′
3 − n′2

3 k
′
2

n′2
2 k

′
3 + n′2

3 k
′
2

(6c)

k′
1 = n′

1 cosα (6d)

k′
i(ν̃) =

√︂
n′
i(ν̃)

2 − sin2 α, i = 2, 3 (6e)

ϕ(ν̃) = 2πν̃k′
2(ν̃)d (6f)

ϕ is the phase, which is dependent on the thickness of the polymer film d, the angle

of incidence α, the refractive index n, which changes across the absorption bands,

and the wave vector k. The wave vector characterizes the direction and spatial

frequency of wave propagation throughout the medium. The air/film interface is

represented by r12, while the film/metal interface corresponds to r23. Moreover, the

total reflectance R is defined as R = |r|2. Furthermore, the first medium is assumed

to be gas or vacuum, having a refractive index of 1 and an absorption index of

0.20,26,27

1.3.1 Dispersion Analysis

The wavelength-dependent change of the refractive index is known as dispersion.

Dispersion analysis aims to determine the refractive index spectrum of a material.

To determine the polymer layer thickness and refractive index of the polymer, the

measured data are fitted using the dielectric function which governs the optical

behavior of the material such as reflectivity, absorption and penetration depth as

outlined by Mayerhöfer et al. [20]. The dielectric function follows the Kramers-

Kronig relations which relates the real and imaginary parts of the refractive index

to each other. To obtain the refractive index and polymer layer thickness dispersion

analysis is performed using an appropriate model to fit the measured data.3,20

One possible method for modeling the dielectric function is by applying the model of

the damped harmonic oscillator. This method implements a non-linear least-square

fit using the approximation of the Drude-Lorentz oscillator. This method is more

efficient and removes noise compared to a direct fit in which the optical constants

are independently adjusted at each wavelength and is more robust than applying the
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Kramers-Kronig based technique. This is applicable because it is used to describe

a shape with increasing absorption toward lower frequencies, which is the case for

free-carrier absorptions such as those of metals, heavily doped semiconductors and

transparent conductive oxides.17,20,28

A different approach for obtaining the imaginary refractive index is via a triangular

basis function (eqn. (7)) described by Kuzmenko. This function is crucial, limiting

the possible optical functions to only those that are plausible. Moreover, it reduces

the number of free parameters needed to describe complex optical functions. Each

oscillator should be narrow and provide spectral weight only in its region, which is

achieved by setting its width to a fixed value.20,21,28

κi(ν̃) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
ν̃−ν̃i−1

ν̃i−ν̃i−1
, ν̃i−1 < ν̃ ≤ ν̃i

ν̃i+1−ν̃
ν̃i+1−ν̃i

, ν̃i < ν̃ ≤ ν̃i+1

0, otherwise

(7)

ni(ν̃i) =
2

π
P

∫︂ ∞

0

k′′(ν̃ ′)

ν̃ ′2 − ν̃2dν̃
′

=
1

π
∗
[︃
g(ν̃ − ν̃i−1)

ν̃i − ν̃i−1

− (ν̃i+1 − ν̃i−1)g(ν̃ − ν̃i)

(ν̃i − ν̃i−1)(ν̃i+1 − ν̃i)
+

g(ν̃ − ν̃i+1)

ν̃i+1 − ν̃i

]︃
g(x) = (x+ y) ln|x+ y|+ (x− y)

(8)

The variational dielectric function is built by implementing the triangular basis

function. This approach represents the dielectric function as linear superposition

of triangular functions, each centered at a specific frequency (ν̃i). The triangular

line shape corresponds to a trapezoidal integration.28 Thus, the index of absorption

function is given by the values of the vertices Ai. The real refractive index can then

be calculated as depicted in eqn. (9).20

n(ν̃i) = n∞ +
N−1∑︂
i=2

Aini(ν̃i) (9)

where N is the number of points and n∞ is given by
√
ϵinf and is the initial estimate

for the refractive index.20

When all parameters are allowed to vary freely, the fitting process often becomes

numerically unstable. Additionally, this increases the complexity and ambiguity of

the procedure, making routin operation difficult. This can be avoided by specifying

some of the parameters.28 However, the selection of the parameters influences the

different structural elements, thereby limiting the range of the permitted parameter

values.11
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1.4 Preprocessing of the Spectrum

Spectra are often preprocessed to improve the accuracy, reliability and interpretabil-

ity of the data, due to containing noise or other artifacts, that can distort the data.

The following section outlines the key methods employed to process the data, with

a focus on baseline correction, absorbance correction and the implementation of

splines.

1.4.1 Baseline Correction

Baseline corrections are a standard procedure in FTIR spectroscopy, as baseline

drift is a prevalent problem that can compromise both quantitative and qualitative

analysis. The objective of this is to subtract the baseline from the spectrum, thereby

isolating the signal bands and ensuring that they remain intact.29,30

Polynomial fitting is a widespread method, however, it is not always ideal, because

its predefined structure offers less flexibility which is needed to handle datasets

with noise or irregular shapes. Despite its simple application and effectiveness, the

polynomial fit is prone to over- or under-fitting.29,30

A more robust method is the penalized least squares approach, which takes into

account the fidelity and smoothness of the fitted baseline. Furthermore, such al-

gorithms are fast and flexible in their implementation. Baek et al. [31] proposed

the method of asymmetrical reweighted penalized least squares (arPLS) which is

commonly applied to datasets containing high levels of signal noise. The objective

of this technique is to fit a smooth baseline to the signal by minimizing the differ-

ence between the signal and estimated baseline. To ensure smoothness, deviations

from smoothness in the baseline are penalized. This technique assigns weights to

each data point during the iterative process to prevent the baseline from following

the peaks. Signals in close proximity to the baseline receive similar weights due to

the noise being more prominent in those regions while the weights are decreased for

signals that deviate from the baseline. The arPLS method offers several advantages,

including automatic adaptation of boundaries, handling of missing values, and con-

trol of smoothness. ArPLS has three parameters that need to be set by the user:

the smoothing parameter (λ), the termination condition ratio and the maximum

number of iterations. The choice of λ is crucial, as it significantly affects the per-

formance of the baseline correction. A larger value for λ leads to a smoother curve,

therefore, it is necessary to select an appropriate value to accurately and reliably

depict the results.29–32
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1.4.2 Model-Based Baseline Correction

As described by Mayerhöfer et al. [20] the following procedure was followed to

correct the absorption. Utilizing equation (6) an initial guess could be obtained for

the refractive index n∞ and polymer layer thickness d, for the spectral region above

the range where fundamental infrared absorptions occur. Subsequently, an iterative

fitting procedure is then employed to refine the estimate of the initial refractive index

n∞ and polymer layer thickness d by reducing the deviations between experimental

and simulated values.20

The implementation of a baseline correction is necessary as the interference fringes

compromise the accuracy of the first estimate of κ. This can be performed using

equation (10).20

Acorr =
− lg(Rmeas/R0,meas)

− lg(Rcalc(n∞)/R0,calc)
(10)

Rmeas/R0,meas corresponds to the measured spectrum while Rcalc(n∞)/R0,calc cor-

responds to the simulated spectrum. This equation also considers the reflectance,

which is influenced by the incidence angle, polarization and the optical constants of

both the substrate and film.20

As the baseline correction does not take dispersion distortions or intensity changes

based on the EFSW effect into account, these need to be factored in. To obtain an

initial estimate for the absorption index κ, equation (11) is used.20

κapp(ν̃) =
Acorr

lg e · 4πν̃ · 2 d√︃
1− 1

n2
2
sin2 α

(11)

To generate improved values for the refractive index, the obtained absorption index

was then placed into eqn. 7 and 8 which could iteratively determine better values

when subsequently placed into eqn. (12).20

κi+1(ν̃) = κi(ν̃)
Ameas

Acalc,i
(12)

According to Mayerhöfer et al. [20] this equation, however, tends to converge too

quickly. To address this, it is only used for the first iteration and all subsequent

iterations implement eqn. (13).20

κi+1(ν̃) = κi(ν̃)
Acalc,i − Ameas

lg e · 4πν̃ · 2 d√︃
1− 1

n2
2
sin2 α

(13)
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1.4.3 Spline

The implementation of polynomials for dispersion analysis can be inefficient due

to the possibility of producing noisy results. A more suitable alternative is the

implementation of splines, which divide the wavelength range into intervals and

apply a polynomial function within each interval. This parameterization of the

dielectric function is a vital step in accurately modeling the optical properties of the

materials and reduces the number of fitting parameters. These piecewise functions

are smoothly connected at joining points which are known as ”knots”. Splines are

used to describe the imaginary part k and the real part n can be subsequently

determined through the application of Kramers-Kronig relation.17,33,34

Each spline only affects the shape of the curve for the given interval, without in-

fluencing other parts of the spectrum. Furthermore, Johs et al. [34] demonstrated

that if all the spline coefficients are positive, the convex-hull property ensures that

κ remains positive. The basis function only depends on the node position, thus, the

amplitudes of each node shape the curve and can be treated as linearly independent

variables.17,33,34

Determining the optimal number of data points is crucial to mitigate the risk of

under- or overfitting. A reduced number of knots may fail to capture the underlying

trends in the data, resulting in underfitting, while an excessive number of points

can lead to overfitting. Consequently, it is crucial to evaluate the optimal number of

knots. By decreasing the knot spacing, the fit can be improved and by optimizing

the knot positions, a reduction in the number of knots is facilitated, leading to an

improvement of the overall fit quality.33,34

1.5 Simulation of Data

To validate the developed algorithm with the help of the equations mentioned above,

simulated data was generated. The simulations were performed using the transfer-

matrix-method (TMM) package in python written by Byrnes [35] which is a tool em-

ployed to study wave propagation in multilayered systems. Specifically, the coh tmm

sub-package was used, as this package calculates the TMM for coherent cases. Thus,

it is suitable for simulating the reflectance of polymer films on a substrate in a stan-

dard environment.35–38

The TMM algorithm is based on the Fresnel equations, as explained in section 1.3,

to compute the transmission and reflection at the interface of each layer within

the multilayered material. The overall transmission and reflection of an incident
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plane wave through the sample can be computed by taking the different thicknesses

and refractive indices of each layer into account. The complex refractive indices

are constant throughout each layer and the layers are assumed to be optically flat,

which allows for a one-dimensional calculation. The coefficients of transmission and

reflection for a particular wavelength and angle of incidence strongly depend on these

parameters. Moreover, even slight variations in wavelength can result in significant

deviations for the same multi-layer film.36–38

2 Experimental Methods

2.1 Sample Preparation

The sample set consisted of two categories: experimentally prepared polymer sam-

ples with a fully known composition and industrial manufactured polymer samples

with an unspecified chemical composition.

The developed manufactured samples consisted of a silicon substrate with a thickness

of 300 µm. They were cut into 30mm×30mm pieces, rinsed with acetone and dried

with pressurized air.

For the polymer layers, polystyrene (PS) and polymethyl-methacrylate (PMMA)

were applied onto the substrates. These polymer films were fabricated by dissolving

each polymer correspondingly in toluene at 80°C under continuous stirring for 4-

6 h. Subsequently, each polymer was spin-coated with a POLOS SPIN150i spin

coater onto the substrates. The system settings of the spin coater were adjusted

to achieve various thicknesses. For a thinner coat, the acceleration settings were

set to 2000 rpm/s and for a thicker coat to 1000 rpm/s. This was repeated for each

polymer solution and the coated substrates were dried for 30min.

The industrial polymer samples are manufactured on silicon substrate and were

coated with an imide photoresist. The samples were produced according to standard

conditions.

In addition to silicon substrates, which are commonly used in semiconductor man-

ufacture gold was also implemented for comparison purposes, as Mayerhöfer et al.

have previously demonstrated successful removal of the fringes using this substrate.20

The refractive indices for both of the materials were obtained from literature.39,40
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2.2 Determination of Polymer Layer Thickness

The layer thicknesses of the spin-coated samples were measured using a contact

profilometer (Dektak XT, Bruker). Obtained values are presented in table 1. A

contact profilometer determines the layer thickness by tracing the surface of the

polymer with a needle, which records the changes in height as it moves across the

sample. Since the polymer did not fully cover the entire wafer, the Dektak XT

was able to measure the thickness by tracing over the edge of the polymer layer.

As the needle moves over the edge, it detects the step height between the polymer

surface and the underlying surface, enabling the determination of the polymer layer

thickness. The measurement was performed at a resolution of 0.1 µmpt, with the

stylus force set to 2mg and a scan length of 900 µm. The motorized stage ensures

high accuracy positioning and the repeatability of the measurement. Furthermore,

the step height repeatability of this instrument is >5 Å while the vertical resolution

is 1 Å.41

The polymer layer thickness of the industrial manufactured sample was initially

estimated to be approximately 10µm, which was later verified using a focused ion

beam scanning electron microscope (FIB-SEM). During this method, thin sections

of the samples are created by a focused ion beam, exposing cross-sections. The

electron beam intersects the ion beam at an angle of 52° above the surface of the

sample, to enable real-time SEM imaging. Before performing FIB milling the wafer

was coated with PtPd and C was used to cover the surface during the cut, to

enhance the samples conductivity and to ensure a high quality cross-section. To

calculate the film height a factor of tan (52◦) ≈ 1.27 was applied to account for the

angle of electron beam.42 The polymer layer thickness could then be determined by

measuring the polymer on the image. The obtained value is shown in table 1.

Table 1: Layer thickness of each sample determined by profilometer measurements
and FIB cross section.

Samples Si-wafer coated with PMMA Si-wafer coated with PS

12 wt% 8 wt% 4 wt% high medium low

dmeasured (µm) 2.02 1.18 0.19 3.26 2.50 0.93

Sample Industry Imide coated Si-wafer

dmeasured (µm) 10.15
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2.3 FTIR Measurements

FTIR spectra were collected using the ThermoScientific Nicolet iN10 MX FTIR

and the Bruker Hyperion 3000-MCT FTIR. Both of these instruments implement a

Globar and a MCT detector and have a 15x Cassegrain objective.43,44

2.3.1 Adaptation of Angle of Incidence

For configuration of the angle of incidence, apertures were developed for the Thermo-

Scientific Nicolet iN10 MX FTIR. The aperture models were first drawn in Autodesk

Inventor 2025 (figure 4) and subsequently 3D printed. The printing process was car-

ried out using the HP Type MJF5200 printer which uses the polyamide Multi Jet

Fusion (MFJ) powder printing technology. As printing material the polyamide PA12

was utilized.

The maximum angle of incidence for this FTIR instrument is 45°. To configure

the angle of incidence, the apertures contained 1mm slits, restricting the angle of

incidence to a narrower range. To sample a variety of angles, the following have been

selected: 17° (ranging from 14.59° to 19.35°) (fig. 4) due to its use in the algorithm,

20° (ranging from 17.67° to 22.27°) and 22° (ranging from 19.73° to 24.20°).

For the measurements, the apertures were placed into a holder which was placed

in front of the lens as illustrated in figure 5. The samples without aperture were

measured within a 300 µm × 300µm window with 256 scans and a resolution of

8 cm−1. The higher number of scans was necessary to achieve an optimal signal-to-

noise ratio.

Figure 4: Cross-section of the aperture confining the angle to a range of 14.59°-
19.35°, with the median being 17°. The angles as well as the distances are labeled.
The measured distance between the sample and the aperture was 11mm.
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Figure 5: On the left-hand side, the 3D model of the aperture of 17° is illustrated.
The image in the middle shows the aperture inserted into the holder. On the right-
hand side, the holder is placed in front of the lens of the ThermoScientific FTIR.

3 Results

The focus of the analysis was to determine the polymer layer thickness and correct

the absorption spectra of the samples, to enable accurate interpretation of the bulk

polymer on silicon. To accomplish this, a stepwise approach was developed. An

algorithm was developed based on the equations outlined in sections 1.3 and 1.4.

The algorithm begins with iteratively refining the polymer layer thickness value

and refractive index from an initial starting value, so that it can be executed, the

angle of incidence and wavenumber range also had to be predetermined. Once these

parameters are established, the absorption spectra are corrected through further

iterative refinement of each parameter.

As the first measurements were performed with the Hyperion 3000-MCT the median

angle of 17° was implemented in equation (6). This proved to yield inaccurate results,

therefore, the experimental setup was adjusted by adapting the angle of incidence

with the 3D printed apertures. Hence, it was assumed that by defining the angle

of incidence, the error was minimized and the correction of the absorption spectra

could be improved.

To guarantee the applicability of the developed method, the algorithm was initially

tested and optimized with simulated data. The next step was to test the algorithm

on prepared samples and subsequently apply it to the industrial manufactured sam-

ples. By following these steps the goal was to demonstrate its applicability in the

industry.
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3.1 Simulation of PS coated wafers

The simulations enable the verification of the algorithm’s performance as well as

gaining insights into its data handling behavior.

3.1.1 Verification of Implementation

As outlined in section 1.5, the multilayered system was modeled using the TMM

package in Python. However, for the specific application the implementation in the

package was found to be quite slow. Therefore, a faster code based on the equations

described in section 1.3 was implemented and its output was validated against that

of the TMM package. For this validation, the refractive index of air was set to 1,

while that of the polymer was assumed to be 1.5 and that of silicon to be 4. The

polymer layer thickness was set to 5 µm and the wavenumber to 1000 cm−1.

These parameters were then incorporated into the reflection coefficient for the s-

polarized light. Notably, when tested across a range of wavenumbers, angles and

thicknesses, the manual calculation and the TMM package produced a result that is

effectively equivalent with a negligible deviation of 8.7× 10−13 , thereby confirming

the accuracy of the implementation. The advantage of using the equations directly

instead of relying on the python package for the removal of the fringes, is the signif-

icant reduction in computation time, which is crucial for a large data volume. The

manual calculation was completed in 790µs, whereas the TMM package required

4.69ms. It should be noted that this difference is mainly due to the increased com-

plexity of the TMM package, which can calculate arbitrary stacks of layers and

provides reflection data, transmission data and layer specific absorption data.

3.1.2 Simulation of Reflection-Absorption Spectra

The TMM package incorporates several free parameters that need to be specified

in advance for a simulation. These are refractive indices of the materials, the angle

of incidence, the vacuum wavelength, the layer thicknesses and polarization of the

incident light. The polymer layer was assumed to be PS, and the spectral values

were obtained from existing literature.2 To incorporate a broad range of values and

stay consistent with the dimensions of the developed samples and those provided

by the industrial partner, the layer thicknesses were set to 1µm, 5 µm and 10µm.

Furthermore, the angle of incidence was set to 17°, corresponding to the median

angle of the Hyperion 3000-MCT FTIR.
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(a) Simulated absorption spectra of Si-
wafers coated with PS of various thick-
nesses (1, 5 and 10 µm) at an incidence an-
gle of 17°.

(b) Simulated absorption spectra of Au-
wafers coated with PS of various thick-
nesses (1, 5 and 10 µm) at an incidence an-
gle of 17°.

Figure 6: Modeled spectra of PS on silicon and gold wafers.

The modification of the substrate from silicon to gold has a significant impact on

the FTIR spectra, as visualized in the figure 6. Silicon exhibits more pronounced

fringes. Replacing silicon with gold leads to a change in refractive index, as gold

has a higher reflectivity than silicon. However, the reflectivity at the air-polymer

interface remains unchanged.

3.1.3 Determination of Refractive Index and Polymer Layer Thickness

The simulated PS spectra were subsequently fitted to determine starting values for

the base refractive index and polymer film thickness. Within the fit, these two

parameters were constrained by specifying bounds. In this case, the refractive index

was set to be in the range between 1 and 2, with an initial value of 1.5. Due to the fact

that the refractive index varies with the wavenumber and the algorithm calculates

an average over the wavenumber range, the index is expected to fall between 1.4

and 1.6.

For the polymer layer, the initial value was based on the predetermined thickness.

For the 1µm layer, the bounds were set to 0 and 4, for the 5 µm layer, they were

defined as 2 and 9 µm and for the 10 µm PS layer, the bounds were set to 5 and

15 µm.

This procedure utilized the least squares and shgo (simplicial homology global op-

timization) algorithm introduced by Virtanen et al. [45], both of which are part

of SciPy’s optimization modules, to iteratively refine the values for the refractive
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index and polymer layer thickness. The non-linear least squares algorithm handles

nonlinear minimization problems with box constraints. It aims to find the best fit by

minimizing the sum of the squares of the errors between the modeled and fitted data.

However, it can converge to a local minimum, in particular when the starting value

is unknown, as observed in fig. 8. To avoid this, a global optimization algorithm

(shgo) is implemented. Shgo is ideal for locating a global minimum within bounds.

It achieves this by sampling several starting points according to a specific method,

from which it identifies the local minimum. To ensure a thorough analysis of the

search space, it was initialized with 200 sampling points. The specified sampling

points assist in identifying regions of interest for further optimization. Increasing

the number of sampling points enhances coverage of the search space and improves

the likelihood of locating the global optimum.45–48

By applying the above to the simulated data of the PS-Si and PS-Au samples, figures

7a-7f were obtained.

(a) Reflection spectra of the simulated PS-
Si sample with a layer thickness of1 µm
along with its corresponding fit, displaying
an excellent alignment. The obtained re-
fractive index and polymer layer thickness
are 1.56 and 1.00 µm respectively, closely
aligned to the expected values.

(b) The simulated PS-Au sample with a
layer thickness of 1 µm is illustrated along-
side its corresponding fit, displaying an ex-
cellent alignment. The obtained refractive
index and polymer layer thickness are 1.53
and 1.01 µm respectively, matching closely
to the expected values.
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(c) Illustration of the simulated PS-Si sam-
ple with a layer thickness of 5 µm along with
its corresponding fit, displaying an excel-
lent alignment. The obtained refractive in-
dex and polymer layer thickness are 1.57
and 4.99 µm respectively, displaying an ex-
cellent agreement with the expected values.

(d) Reflection spectra of the simulated PS-
Au sample with a layer thickness of5 µm
alongside its corresponding fit, displaying
an excellent alignment. The obtained re-
fractive index and polymer layer thickness
are 1.62 and 4.81 µm respectively, matching
closely to the expected values.

(e) Illustration of the simulated PS-Au
sample with a layer thickness of10 µm along
with its corresponding fit, displaying a good
alignment. The obtained refractive index
and polymer layer thickness are 1.56 and
10.03 µm respectively, which are in accor-
dance with the expected values.

(f) Reflection spectra of the simulated PS-
Au sample with a layer thickness of10 µm
along with its corresponding fit, displaying
an excellent alignment. The obtained re-
fractive index and polymer layer thickness
are 1.59 and 9.82 µm respectively, differing
slightly from the expected values of 1.5 and
10 µm.

Figure 7: These plots depict the simulated spectra of PS with their corresponding
fit in a turquoise dashed line.

For the simulated PS-Si model, the refractive index has an average value of 1.56 and

the polymer layer thickness is very close to the expected value. In contrast, for the
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PS-Au model, the polymer layer thickness deviates slightly from the expected value.

Furthermore, the fit does not fully match to the simulated PS-Au spectrum due to

its sinusoidal curve behavior, which is not influenced by the peaks. The obtained fit

results are presented in table 2.

Table 2: Fit results of the simulated PS coated silicon and gold substrates.

Layer Thickness 1µm 5µm 10µm

Parameter n d (µm) n d (µm) n d (µms)

PS 1.56 1.00 1.57 4.99 1.56 10.03

PMMA 1.53 1.01 1.62 4.81 1.59 9.82

3.1.4 Ambiguity of Refractive Index and Thickness Fit Results

There should only be a single correct result for the fit of each sample. However, while

the reflection at the interfaces change only slowly as the refractive index changes

the interference due to phase shift changes more rapidly with refractive index, wave-

length and sample thickness, leading to the oscillating baseline fringes. This change

is described by the expression exp (2iϕ) in (6f). Furthermore, as ϕ = 2πν̃k′
2 (ν̃) d

a change in the refractive index can be compensated by an opposite change in the

sample thickness.

To illustrate this relationship, a heatmap was generated for the PS-coated silicon

and gold wafers with a layer thickness of 10 µm. The heatmap represents the residual

error between the target spectrum and the modeled spectrum. To obtain a single

error per combination of these two parameters, the squared sum of the residuals was

used. The parameter space was defined with bounds of 1 and 2 for the refractive

index and for the polymer layer they were adjusted to 5 and 15 µm.

The darker curved line represents a smaller minimum error than the lighter line.

Moreover, the obtained value for the fit of the previous section is depicted as a

turquoise dot, while the red dot represents the minimum residual error.
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(a) Depiction of the error grid of PS-Si with
a polymer layer thickness of 10 µm. The
minimum error and the fit result overlap at
a refractive index of 1.56 and a thickness of
10.05 µm.

(b) Depiction of the error grid of PS-Au
with a polymer layer thickness of 10 µm.
The minimum error is observed at a refrac-
tive index of 1.87 and a thickness of 8.33 µm
and deviates from the fit result.

Figure 8: Illustration of the minimum error between the refractive index (ns) and
the polymer layer thickness (ds) for each simulation accordingly. The color intensity
corresponds to the magnitude of each error, darker regions correspond to lower
errors, while lighter regions have a higher error.

For the silicon wafer sample, the minimum error is identical to the fit result and

matches closely to the expected values of the refractive index and polymer layer

thickness of 1.5 and 10µm respectively. In contrast, the gold wafer sample deviates,

with the minimum error falling below the expected values, while the fit displays a

more accurate result. A trend emerges when comparing the results: higher polymer

layer thicknesses lead to fit results with a lower refractive index values and vice

versa.

3.1.5 Correction of the Absorbance

The absorption, refractive index and polymer layer thickness values were subse-

quently iteratively refined, as outlined in sections 1.4.1-1.4.3.

In initial experiments it was found that the results of the fit tended to oscillate,

i.e. neighboring data points would start to move towards high and low values in

an alternating fashion. Therefore, the optimization was extended by a penalty:

keeping the spectrum smooth (i.e. a low absolute sum of the second derivative).

The weighting factor (diffweight) applied to the second derivative was set to 10−20, to

enforce the smoothness by penalizing high curvatures in the absorption index. This

value was experimentally determined and is a compromise to enforce smoothness
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and avoid over- or under-regulating which would influence the absorption spectrum.

It was also observed that in some cases the imaginary part of the refractive index

kept growing with each iteration of the fit. A second penalty was introduced for the

magnitude of the imaginary part of the refractive index (coeffweight). This was set to

10−5, to regulate the absorption index and avoid large values, as a higher absorption

index increases the error. This parameter was chosen, due to the fact that it achieved

the most optimal result and ensures numerical stability by preventing extreme values

without restricting the flexibility of the algorithm.

Finally, the maximum number of iterations (maxnfev) was set to 30 for the absorption

index and 15 for the subsequent step. This parameter determines the number of

iterations prior to termination and account for the computational budget. The

number of iterations for the absorption index failed to converge and setting it to

a higher number did not yield a better result, thus it was set to this limit as it

achieved the most plausible result. Furthermore, setting maxnfev higher also had an

impact on the computation time, impacting the speed of the algorithm negatively. In

contrast, the refractive index and polymer layer thickness reached the criteria and

were aborted beforehand. These modifications collectively contributed to a more

efficient optimization process.

To validate the accuracy of the algorithm and the resulting spectrum, the absorption

spectrum of the polymer was plotted alongside the optimized spectrum. Although

these two spectra are not identical in nature, it acts as a comparison to ensure that

all prominent peaks are preserved. Thus, variations in the absorption indices may

remain.

For demonstration purposes, the polymer-coated Si and Au wafers with a layer

thickness of 1 and 10 µm were selected. In the following graphs on the left-hand

side the ”initial” is depicted which represents the data before iterative refinement.

On the right-hand side the target is depicted in red which refers to the expected

graph of PS, derived from values reported in the literature, while the curve labeled

as ”optimized” in turquoise is the output graph.2,40
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(a) Absorption spectrum of the initial sim-
ulated PS-Au model with a layer thickness
of 1 µm.

(b) The optimized absorption spectrum is
plotted along side the target spectrum of
PS.

Figure 9: For the PS-Au model with a polymer layer thickness of 1 µm the refrac-
tive index resulted in a value of 1.53 and the polymer layer thickness in 1.01 µm
correlating well with the expected values.

(a) Absorption spectrum of the initial sim-
ulated PS-Si model with a layer thickness
of 1 µm before optimization

(b) Optimized absorption spectrum plotted
along side the target spectrum of PS.

Figure 10: For the PS-Si model with a polymer layer thickness of 1µm the refrac-
tive index resulted in a value of 1.53 and the polymer layer thickness in 1.01 µm
correlating well with the expected values.

When comparing the figure 9 to 10, it is noticeable that the optimized spectrum

of the gold substrate aligns more closely with the curve of the target spectrum,

specifically in the fingerprint region, whereas the spectrum of the silicon substrate

drops to the baseline after each band, however, the overall shape remained largely

consistent.
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(a) Absorption spectrum of the initial sim-
ulated PS-Au model with a layer thickness
of 10 µm.

(b) Optimized absorption spectrum plotted
alongside the target spectrum of PS.

Figure 11: For the PS-Au model with a polymer layer thickness of 10µm the re-
fractive index resulted in a value of 1.59 and the polymer layer thickness in 9.82 µm
correlating well with the expected values.

The optimized graph in figure 11b contains all the prominent bands that are char-

acteristic of the polymer, however, the peak at 1400 cm−1 is a lot higher. This is

illustrated more clearly in figure 12.

Figure 12: This is a close up view of the absorption spectrum of the PS coated gold
wafer with a polymer layer thickness of 10 µm.
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(a) Absorption spectrum of the initial sim-
ulated PS-Si model with a layer thickness
of 10 µm.

(b) Optimized absorption spectrum plotted
alongside the target spectrum of PS.

Figure 13: For the PS-Si model with a polymer layer thickness of 10 µm the refractive
index resulted in a value of 1.57 and the polymer layer thickness in 10 µm correlating
well with the expected values.

The optimization of the absorption spectrum of PS-Si with a polymer layer thickness

of 10 µm was only partially effective. When comparing the figure 13a with 14, the

fringes are less pronounced and the most prominent peaks are visible, however, the

ultimate goal of removing the fringes was unsuccessful even though a refractive index

of 1.57 and a polymer layer thickness of 10 µm was achieved. A zoomed in view of

this spectrum is visible in figure 14.
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Figure 14: A closer view of the corrected absorption spectrum of the simulated PS-
Si model.

The graphs in figures 9-13 exhibit a high degree of similarity. The refractive index

and polymer layer thickness remained quite similar when rounded to the second

decimal number, illustrating that the initial value was already approximated well.

These values are summarized in table 3. Upon closer inspection, the simulated PS-Si

model with a polymer layer thickness of 10µm still displays faintly visible fringes

after optimization.

In addition, the imaginary and real part of the optimization process can be plotted,

reflecting the quality of the optimization process. These plots relate to each other

via the Kramers-Kronig relation. The plots for the silicon model were chosen, as

the optimized spectra have a slightly higher deviation from the target spectrum.
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(a) PS-Si model with a layer thickness of
1 µm.

(b) PS-Si model with a layer thickness of
10 µm

Figure 15: The imaginary and real part of the the absorption spectrum of the PS-Si
models.

The curves in the figures 15 overlap, indicating a successful optimization process,

despite the discrepancies in the absorption spectra. However, the curves are not

identical, because the optimized spectrum reflects the bulk properties of the polymer,

including contributions from its refractive index and absorption process which results

in different optical behavior.

Furthermore, the algorithm exhibits instability because the iterative refinement of

the absorption index fails to converge. The optimization was manually terminated

after 30 iterations. Allowing a significantly higher number of iterations may lead to

divergence and falsify the accuracy of the determined parameters.

The optimization process demonstrates that the closer the initial values for the

reflective index and polymer layer thickness are to their expected values, the fewer

iterations the algorithm performs to converge to the solution.

To improve the algorithm further, the degrees of freedom to be optimized were

reduced by applying spline interpolation to the data. Different spline knot spacings

were chosen across the spectrum, depending on the size of the spectral features. The

wavenumber range was divided into 4 intervals with different knot spacings, namely

590-1750 cm−1 with 4 cm−1 spacing, 1751-2800 cm−1 with 30 cm−1 spacing, 2801-

3600 cm−1 with a mean of 4 cm−1 spacing and 3601-6900 cm−1 with 60 cm−1 spacing.

These specifications were selected, so that the fingerprint region and the peak at

2900 cm−1 preserved their accuracy. In the other two intervals the inclusion of more

wavenumbers for the calculation could be taken without losing any information and

enabling the removal of the fringes with fewer degrees of freedom. The results are
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depicted in figures 16a-19b.

(a) Absorption spectrum of the initial sim-
ulated PS-Au model with a layer thickness
of 1 µm before optimization.

(b) Optimized absorption spectrum of PS-
Au, plotted alongside its fit.

Figure 16: The obtained values for the refractive index and polymer layer thickness
are 1.54 and 1.02 µm respectively, which are close to the expected values for the
PS-Au model.

(a) Illustration of the initial PS-Si plot with
a layer thickness of 1 µm before optimiza-
tion.

(b) Depiction of the obtained absorption
spectra from the optimization process.

Figure 17: The obtained values for the refractive index and polymer layer thickness
are 1.57 and 1.00 µm respectively, which are close to the expected values for the
PS-Si model.

The PS-Si model with a layer thickness of 1µm in figure 17 shows an improvement.

The optimized spectrum follows the curve more closely without the trend towards

the baseline after each band.
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(a) Absorption spectrum of the initial PS-
Au model with a layer thickness of 10 µm.

(b) Optimized absorption spectrum of PS-
Au, plotted alongside its fit.

Figure 18: The obtained values for the refractive index and polymer layer thickness
are 1.59 and 9.79 µm respectively, which are close to the expected values for the
PS-Au model.

(a) Illustration of the initial PS-Si plot with
a layer thickness of 10 µm before optimiza-
tion.

(b) Depiction of the obtained absorption
spectra from the optimization process.

Figure 19: The obtained values for the refractive index and polymer layer thickness
are 1.56 and 10.04 µm respectively, which are close to the expected values for the
PS-Si model.

The spectra of the simulated PS-coated gold wafer closely overlap with the opti-

mized spectra. The obtained refractive index and polymer layer thickness values are

identical to the expected values listed in table 3, indicating a good approximation

of the target spectra. Moreover, the fringes were successfully removed.

Moreover, the PS-coated Si-wafer spectra in figure 17 and 19 show a good correlation

with the target spectrum. The obtained refractive index and polymer layer thickness
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are optimal, which would suggest a good approximation, however, in graph 19b,

which displays the polymer with a layer thickness of 10 µm on the silicon substrate

the fringes are still slightly visible. To provide a clearer visualization, a close-up view

is shown in figure 20. The fringes are not as prominent as in the curve displaying

the initial data, which is being corrected.

Figure 20: Absorption spectra of the PS-Si coated wafer sample after the optimiza-
tion procedure.

The calculated refractive index and polymer layer thickness of the samples in figures

16-19 are summarized in table 3.

Table 3: Comparison of the optimization results with and without spline correction
for different polymer layer thicknesses on silicon and gold substrates.

Without Spline With Spline

Parameter n d (µm) n d (µm)

PS-Si (1 µm) 1.56 1.00 1.57 1.00

PS-Si (10 µm) 1.57 10.00 1.56 10.04

PS-Au (1 µm) 1.53 1.01 1.54 1.02

PS-Au (10 µm) 1.59 9.82 1.59 9.79

The obtained results for the refractive index and polymer layer thickness of both

optimization methods are accurate and are close to the expected value.
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3.2 PS and PMMA samples

The fabricated samples were measured with the Hyperion 3000-MCT with a resolu-

tion of 2 cm−1 and 64 scans. The obtained absorption spectra are illustrated in the

following figure 22.

(a) Illustration of the spin-coated PS-Si
samples with varying polymer layer thick-
nesses.

(b) Illustration of the spin-coated PMMA-
Si samples with varying polymer layer
thicknesses.

Figure 21: Absorption spectra of the PMMA and PS samples.

To illustrate the optimization algorithm, the PS-Si sample with a layer thickness of

2.50 µm and the PMMA-Si sample with a thickness of 1.17 µm were selected for the

entire optimization process.

3.2.1 Determination of Refractive Index and Polymer Layer Thickness

The absorption spectra of PMMA and PS coated Si wafers were subsequently fitted

to refine the values of the refractive index and polymer layer thickness. Within the

fit, these two parameters were constrained by specifying appropriate bounds. These

were set to 1.2 and 1.8 for the refractive index, with an initial value of 1.5. For the

polymer layer, the bounds were set to 0 and 4µm and the initial value was based

on the predetermined thickness.

Additionally, this procedure utilized the least squares and shgo (simplicial homology

global optimization) algorithm, which are part of SciPy’s optimization modules, to

iteratively refine the values for the refractive index and polymer layer thickness.
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(a) The reflection spectrum of PS-Si wafer
with a layer thickness of 2.50 µm is visual-
ized alongside its fit.

(b) The reflection spectrum of PMMA-Si
wafer with a layer thickness of 1.17 µmis vi-
sualized along side its fit.

Figure 22: Illustration of the fit result.

The obtained values, summarized in table 4, deviate from the expected values, which

could be attributed to the use of an approximate angle of 17°. Therefore, apertures
were developed to confine the angle of incidence and decrease the error within the

algorithm.

3.2.2 Possible Fit Results

Due to the nature of the optimization process, there are several possible results.

The refractive index and polymer layer thickness are interconnected in a complex

manner, thus, it creates the appearance that an increase in one parameter leads to

a decrease in the other. To illustrate this relationship, a heatmap was generated

for the PS and PMMA coated silicon wafers. The heatmap represents the residual

error between the target spectrum and the modeled spectrum. To obtain a single

error per combination of these two parameters, the squared sum of the residuals was

used. The parameter space was defined with bounds of 1-2 for the refractive index

and 0-4µm for the layer thickness, as these limits correspond to the constraints

applied during the fit. The color intensity corresponds to the magnitude of each

error, darker regions correspond to lower errors, while lighter regions have a higher

error.
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(a) Visualization of the error grid of PS-Si
with a polymer layer thickness of 2.50 µm..

(b) Visualization of the error grid of
PMMA-Si with a polymer layer thickness
of 1.17 µm.

Figure 23: The heatmap displays the minimum error between the refractive index
(ns) and the polymer layer thickness (ds) for each sample accordingly.

The obtained values for the refractive index and polymer layer thickness are depicted

in table 4.

Table 4: Results of the minimum error from the heatmap and of the fit for a PMMA
and PS coated silicon wafer with the bounds set to n: 1.2-1.8 and d: 0-4µm.

fit result minimum error

Parameter n d (µm) % deviation n d (µm) % deviation

PS (2.50 µm) 1.48 2.59 3.60 1.48 2.59 3.60

PMMA (1.17 µm) 1.52 1.02 -12.82 1.45 1.09 -6.84

The results of the fit and the minimum error for PS are identical, but deviate for

PMMA. The result of the fit is lower than the obtained value from the minimum

error. However, while the fit for PMMA resulted in a lower polymer layer thickness

it has a higher refractive index than the result for the minimum error.

3.2.3 Application of Apertures

The 3D-printed apertures were implemented to narrow the range of the angle of

incidence and to increase precision due to the confinement of the angle. Thus,

depending on which aperture was being used, the angle of incidence was changed to

either 17°, 20° or 22°. The spectra were measured at a resolution of 8 cm−1 and 256

scans.
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Furthermore, the bounds remained identical to those used for the fit without aper-

tures, hence, they were defined as 1.2-1.8 for the refractive index and 0-4 µm for the

polymer layer thickness. By applying these constraints, the following graphs were

obtained.

(a) The reflection spectrum alongside its fit
of the PS-coated Si wafer at an angle of 17°.
The obtained refractive index and polymer
layer thickness are 1.53 and 2.59 µm respec-
tively, aligning well with the expected val-
ues.

(b) The reflection spectrum alongside its fit
of the PMMA-coated Si wafer at an an-
gle of 17°. The obtained refractive index
and polymer layer thickness are 1.20 and
1.39 µm respectively, while the refractive in-
dex is slightly below the expected range the
polymer layer thickness matches closely to
1.17 µm.

(c) The reflection spectrum alongside its fit
of the PS-coated Si wafer at angle of 20°.
The obtained refractive index and polymer
layer thickness are 1.52 and 2.62 µm respec-
tively, matching the expected values.

(d) The reflection spectrum alongside its fit
of the PMMA-coated Si wafer at an an-
gle of 20°. The obtained refractive index
and polymer layer thickness are 1.30 and
1.29 µm respectively, differing from the ex-
pected values.
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(e) The reflection spectrum alongside its fit
of the PS-coated Si wafer at an angle of 22°.
The obtained refractive index and polymer
layer thickness are 1.47 and 2.70 µm respec-
tively, matching with the expected values

(f) The reflection spectrum alongside its fit
of the PMMA-coated Si wafer at an an-
gle of 22°. The obtained refractive index
and polymer layer thickness are 1.40 and
1.19 µm respectively, aligning well with the
expected values

Figure 24: Application of the apertures on one of the PS and PMMA samples and
illustrating the resulting fit.

To illustrate the results of the fit in figure 24, the obtained refractive index and

polymer layer thickness are summarized in the table 5.

Table 5: Fit results for a PMMA and PS coated silicon wafer with the bounds set
to n: 1.2-1.8 and d: 0-4 µm.

Aperture none 17° 20° 22°

Parameter n d (µm) n d (µm) n d (µm) n d (µm)

PS (2.50 µm) 1.48 2.59 1.53 2.59 1.52 2.48 1.47 2.70

PMMA (1.17 µm) 1.54 0.92 1.20 1.19 1.30 1.21 1.40 1.19

Table 6: Deviation percentages of the polymer layer thickness of each aperture from
the table 5 for the PMMA and PS sample.

Apertures 17° (% dev.) 20° (% dev.) 22° (% dev.)

PS (2.50µm) 3.60 -0.80 8.00
PMMA (1.17µm) 1.71 3.42 1.71

Even though the depicted fits align excellently with the spectrum, the refractive

index and polymer layer thickness deviate slightly from the expected values. For
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the PS coated silicon wafer, the obtained thickness values deviate more than for

the PMMA sample. For both samples the average refractive index is 1.40 which

is slightly lower than the obtained values of the simulations in section 3.1.3, which

achieved an average value of 1.57.

Furthermore, when the obtained results for the PMMA-Si sample is compared to

those in table 4, it is evident that the determined values with the implementation

of the apertures result in more accurate values. While the obtained values for the

PS-Si sample fluctuate and has the most optimal result when the angle of incidence

is confined to 20°.

3.2.4 Correction of the Absorbance

For further improvement, the spectra were corrected by iteratively refining the ab-

sorption index, refractive index and polymer layer thickness, as outlined in sections

1.4.1-1.4.3.

Furthermore, to improve the algorithm further, the degrees of freedom to be opti-

mized were reduced by applying spline interpolation to the data. Different spline

knot spacings were chosen across the spectrum, depending on the size of the spec-

tral features. The wavenumber range was divided into four intervals with different

knot spacings, namely 590-2000 cm−1 with 8 cm−1 spacing, 2001-3200 cm−1 with a

mean of 30 cm−1 spacing, 3201-4500 cm−1 with a mean of 8 cm−1 spacing and 4501-

6900 cm−1 with 30 cm−1 spacing. These specifications were selected, so that the

fingerprint region and the peak at 2900 cm−1 preserved their accuracy. In the other

two intervals the inclusion of more wavenumbers for the calculation could be taken

without losing any information and enabling the removal of the fringes with fewer

degrees of freedom. The results are depicted in figures 25-26.

For the implementation of the optimization procedure, the measured spectrum of

the PS and PMMA sample without aperture was used.
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(a) Absorption spectrum of the PS-Si. (b) Optimized absorption spectrum of the
PS-Si sample.

(c) Close up view of the absorption spec-
trum of the PS-Si sample.

Figure 25: The resulting graphs for the PS coated Si-wafer after having applied the
optimization algorithm with a polymer layer thickness of 2.50 µm.

The fringes were successfully removed from the absorption spectrum of the PS coated

Si-wafer, but not all of the bands were preserved (fig. 25). Furthermore, due to the

iterative optimization process, the value of the refractive index was slightly improved

from 1.29 to 1.36 and the layer thickness was improved from 2.97 µm to 2.86 µm,

deviating by 14.40% from the measured layer thickness of 2.50 µm.
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(a) Absorption spectrum of the PMMA-Si
sample.

(b) Optimized absorption spectrum of the
PMMA-Si sample.

(c) Close up view of the absorption spec-
trum of the PMMA-Si sample.

Figure 26: The resulting graphs for the PMMA coated Si-wafer after having applied
the optimization algorithm with a polymer layer thickness of 1.17 µm

The fringes were successfully removed from the absorption spectrum of the PMMA-

Si sample (fig. 26). The data for the target spectrum for PMMA was taken from

literature.2 When comparing the initial spectrum depicted in red to the approxi-

mated spectrum in green, the fringes have been successfully removed. Furthermore,

due to the iterative optimization process, the value of the refractive index was im-

proved from 1.48 to 1.45 and the layer thickness was improved from 1.15 µm to

1.19 µm, deviating by 1.71% from the measured layer thickness of 1.17 µm.

A comparison of figure 25 and 26 illustrates that the approximation algorithm works

more effectively for PMMA as the polymer coat because the obtained spectrum

aligns closer with its target. This is also shown in the plot of the real and imaginary

part of the absorption spectrum in figure 27. This could be due to the fact that
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PMMA has fewer fringes, which require removal.

(a) PS-Si sample with a polymer layer
thickness of 2.50 µm.

(b) PMMA-Si sample with a polymer layer
thickness of 1.17 µm.

Figure 27: The real and imaginary part of the the absorption spectrum of PS and
PMMA sample on silicon substrate.

Figure 27 highlights the fact that the optimization procedure for PMMA was suc-

cessful, because the curves overlap in the real part, while in the graph of the PS

sample they lie further apart.

3.3 Sample A

3.3.1 Absorption Spectrum

Ordinarily, the substrate of the sample was chosen as the background for each mea-

surement. However, for simplicity, the industrial partner chose gold due to its high

reflectivity. This difference in reflectivity between gold and silicon is depicted in

figure 28a.

To validate the assumption that the difference between gold and silicon as back-

ground measurement is negligible, sample A was measured with gold as background.

Subsequently, the same spectrum was reprocessed with the software OMNIC Picta

from Thermo Scientific. For the reprocessing of this spectrum the single beam of

the background measurement was modified to that of the substrate illustrated in

figure 28b.
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(a) Single beam spectrum of Au and Si
which have undergone atmospheric correc-
tion.

(b) This plot illustrates the change in the
spectra when the background is changed
from silicon to gold.

Figure 28: Visualization of the impact of the background measurement on the ab-
sorption spectra of sample A.

As depicted in figure 28b, the absorption spectra of sample A are almost identical,

suggesting that there is no difference in using gold or silicon as background signal

which is automatically subtracted by the FTIR instrument’s software (Omnic Picta).

As a consequence, the gold background spectrum can be used interchangeably with

silicon.

Furthermore, by implementing the apertures, the following graph (figure 29) was

obtained.

Figure 29: Absorption spectra of sample A.
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The black line represents the spectrum of sample A measured without restricting

the angle of incidence, whereas the other three lines correspond to measurements

obtained using apertures. The apertures significantly affect the peak intensities,

which increase as the angle of incidence becomes larger and are more uniform in the

higher wavenumber region.

The baseline was corrected with the arPLS algorithm (λ = 1× 105) to facilitate the

fitting of each spectrum, and figure 30 was obtained.

Figure 30: Baseline corrected absorption spectra of sample A.

3.3.2 Determination of Refractive Index and Polymer Layer Thickness

Sample A was fitted to refine the values of the refractive index and polymer film

thickness. The fit was constrained by specifying appropriate bounds for these two

parameters. The refractive index was set to 1 and 2, with an initial value of 1.5. For

the polymer layer, the bounds were set to 5 and 15µm, with an initial value of 10µm
based on the provided layer thickness from the industrial partner. These bounds

were chosen, as a larger search space enables a higher flexibility in determining the

values correctly. Moreover, the bounds for the refractive index were determined

based on the simulation model of PS.

By applying the above-mentioned specifications to the algorithm and processing the

measured spectra, the graphs below were obtained (figure 31-32). Each measurement

was performed at the same spot on the sample to facilitate a direct comparison of

the different apertures and minimize the variability due to sample inhomogeneity.
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(a) Reflection spectrum of sample A, along
with its fit.

(b) A zoomed in view of the reflection spec-
trum for sample A and its fit.

Figure 31: Reflection spectra of sample A measured at a median angle of incidence
of 17°. The obtained refractive index and polymer layer thickness are 1.62 and
9.69 µm, respectively.

(a) Reflection spectrum of sample A, along
with its fit.

(b) A zoomed in view of the reflection spec-
trum for sample A and its fit.

Figure 32: Reflection spectra of sample A measured at a median angle of incidence
of 20°. The obtained refractive index and polymer layer thickness are 1.62 and
9.37 µm, respectively.
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(a) Reflection spectrum of sample A, along
with its fit.

(b) A zoomed in view of the reflection spec-
trum for sample A and its fit.

Figure 33: Reflection spectra of sample A measured at a median angle of incidence
of 22°. The obtained refractive index and polymer layer thickness are 1.50 and
10.57 µm, respectively.

The obtained fit values are summarized in table 7. The curve of the fit and the

measured spectrum strongly align. In addition, a FIB cross-sectioning procedure

was performed on sample A to determine the polymer layer thickness depicted in

figure 34, resulting in a value of 10.15 µm. Since this analysis method damages

the sample, the wafer was cut into two pieces. One piece was used for the FIB

cross-sectioning procedure, while the other was used for the FTIR measurement.

These two procedures were carried out in close proximity to the edge to minimize

deviations caused by sample inhomogeneity and to obtain more accurate results.

Among the three apertures analyzed, the 22° aperture provides the best match,

with a calculated polymer layer thickness of 10.17 µm that closely approximates the

measured FIB cut value.

Figure 34: The cross-section of sample A with the polymer layer on top and silicon
on the bottom, containing the measurement of the polymer layer thickness.
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3.3.3 Possible Fit Results

To illustrate the possible results, a residual error analysis between the target spec-

trum and the modeled spectrum was performed and depicted as a heatmap. The

parameter space was selected as 1-2 for the refractive index and 5-15µm for the

polymer layer thickness, as these were the bounds for the fit.

(a) The error grid of sample A measured
with the aperture of 17° is illustrated in this
plot. The minimum error hereby lies at 2
and 7.83 µm.

(b) The error grid of sample A measured
with the aperture of 20° is illustrated in this
plot. The minimum error hereby lies at 1.46
and 10.86 µm.

(c) The error grid of sample A measured
with the aperture of 22° is illustrated in this
plot. The minimum error hereby lies at 1.64
and 9.65 µm.

Figure 35: The heatmap displays the minimum error between the refractive index
(ns) and the polymer layer thickness (ds) for each simulation accordingly. The color
intensity corresponds to the magnitude of each error, darker regions correspond to
lower errors, while lighter regions have a higher error.
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The plots in figure 35 are near identical to each other, highlighting the fact that there

are several solutions in regard to the polymer layer thickness and refractive index

which are linearly dependent. As the color intensity corresponds to the magnitude

of each error, darker regions correspond to lower errors, while lighter regions have

a higher error. Furthermore, with a higher refractive index, the layer thickness

is lower. The calculated minimum error of the aperture of 22° is the closest to

the obtained value from the fit results, while the minimum error of the other two

heatmaps deviate.

Table 7: Results of the fit and of the minimum error of the heatmap for sample
A with the bounds set to n: 1.2-1.8 and d: 5-15 µm. The measured polymer layer
thickness was 10.15 µm.

fit result minimum error

Parameters n d (µm) % deviation n d (µm) % deviation

17° 1.62 9.69 -4.53 2.00 7.83 -22.86

20° 1.62 9.73 -4.14 1.46 10.86 7.00

22° 1.50 10.57 4.14 1.64 9.65 -4.93

When comparing the value obtained from the cross-section in figure 34 to the fit

results presented in table 7, it reveals a good correlation with all aperture-based

measurements. The deviation between the FIB cut and fitted polymer layer thick-

ness is approximately 4%.

Meanwhile, the heatmap analysis differs from the fit results. In contrast, the values

obtained for the aperture at 22° is show the closest match to the FIB cut measure-

ment, with a deviation of 4.93%.

3.3.4 Correction of the Absorbance

For further improvement, the spectra were refined by employing the optimization

algorithm as outlined in sections 1.4.1-1.4.3.

Different spline knot spacings were chosen across the spectrum, depending on the

size of the spectral features. The wavenumber range was divided into 4 intervals with

different knot spacings, namely 590-2500 cm−1 with 8 cm−1 spacing, 2501-3000 cm−1

with 30 cm−1 spacing, 3001-3200 cm−1 with a mean of 8 cm−1 spacing and 3201-

6900 cm−1 with 60 cm−1 spacing. These specifications were selected, so that the

fingerprint region and the peak at 3100 cm−1 preserved their accuracy. In the other

two intervals the inclusion of more wavenumbers for the calculation could be taken
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without losing any information and enabling the removal of the fringes with fewer

degrees of freedom.

The graphs in figure 36a-39b were obtained after undergoing the optimization pro-

cedure.

(a) Absorption spectrum of sample A. (b) Optimized absorption spectrum of sam-
ple A.

Figure 36: Comparison between the absorption spectra of sample A before and after
the optimization procedure of the absorption spectrum achieving a refractive index
of 1.12 and polymer layer thickness of 14.99 µm.

(a) Absorption spectrum of sample A mea-
sured at an angle of incidence of 17°.

(b) Optimized absorption spectrum of sam-
ple A.

Figure 37: Comparison of the absorption spectra of sample A before and after
optimization of the absorption spectrum reaching a refractive index value of 1.38
and a polymer layer thickness value of 11.48 µm.
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(a) Absorption spectrum of sample A mea-
sured at an angle of incidence of 20°

(b) Optimized absorption spectrum of sam-
ple A.

Figure 38: Comparison of the absorption spectra of sample A before and after
optimization of the absorption spectrum reaching a refractive index value of 1.40
and a polymer layer thickness value of 11.43 µm.

(a) Absorption spectrum of sample A mea-
sured at an angle of incidence of 22°.

(b) Optimized absorption spectrum of sam-
ple A.

Figure 39: Comparison of the absorption spectra of sample A before and after
optimization of the absorption spectrum reaching a refractive index value of 1.56
and a polymer layer thickness value of 10.15 µm.

When comparing the corrected spectra with each other, the graphs in the figure

of the optimized spectrum all appear different even though it’s the same polymer.

Furthermore, the graph of sample A in figure 36b is similar to the one measured

with a median incidence angle of 22° in figure 39b. However, in these two plots the

peaks are in a different relation to each other, for example, the peak at 1900 cm−1

is a lot higher in the spectrum measured with the aperture in comparison to sample
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A in figure 36b. In addition, the imaginary and real parts were plotted to evaluate

the performance of the optimization procedure.

(a) Sample A (b) Sample A measured at a median angle
of 22°.

Figure 40: The real and imaginary part of the absorption spectra of sample A.

The real part of sample A measured without aperture and at a median angle of 22°
differ. For sample A in figure 40a the initial and optimized curve are further apart,

suggesting that the optimization procedure was less successful.

Furthermore, the graph in figure 37b of the measured sample with a median angle

of 17° is similar to the one measured at an angle of 20° in figure 38b. This illustrates

that the algorithm is not successful in correcting each spectrum. When taking the

results from the refractive index and polymer layer thickness into account, it is

evident that the sample measured at a median angle of 22° reaches the expected

values of 1.5 and 10.15 µm, while the other measurements differ. The obtained

refractive index and polymer layer thickness are listed in the table 8.

Table 8: The refractive index and polymer layer thickness obtained for sample A
after undergoing the optimization procedure.

Sample A n d (µm) % dev

- 1.12 14.99 47.68
17° 1.38 11.48 13.10
20° 1.40 11.43 12.61
22° 1.56 10.15 0.00

The results for the refractive index and polymer layer thickness exhibit the largest

deviation from the expected values of 1.5 and 10.15 µm for sample A when the
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experimental setup was not adapted. This highlights that the use of the apertures

results in a better approximation of these values.

Although the fitting approach in section 3.3.2 successfully determined the polymer

layer thickness, the algorithm designed for correcting the absorption spectrum was

not effectively executed, illustrating that this algorithm works better for thin poly-

mer layers. Thus, the use of apertures proves beneficial in determining both the

refractive index and the polymer layer thickness with high accuracy.

As discovered this algorithm does not work effectively for thicker samples, therefore,

in the future a different approach could be implemented. For example, ellipsometry

could be used instead, which can provide more data for the model due to having

control over the angle of incidence and gaining more insight into the polarization of

the incoming and transmitted light beam.

4 Conclusion and Outlook

The objective of this research project was to remove the interference fringes and

correct the absorption spectrum via optical modeling. The algorithm was verified

through simulations of PS and PMMA samples. A noticeable difference was ob-

served when comparing gold and silicon as substrates, namely silicon caused more

pronounced fringes.

Furthermore, the correction of the absorption spectrum was successfully executed

for the PMMA-Si sample with a thin polymer layer, whereas for the PS-Si sample,

it was not executed perfectly. While the fringes were removed, not all of the peaks

were preserved. However, realizing this for sample A proved to be more challenging

due to its thicker polymer layer.

The estimation of the polymer layer thickness and refractive index was accomplished

via the fit algorithm. Initially, the median angle of incidence for the Hyperion

3000-MCT (17°) was applied, however, the analysis revealed that this approach

was inadequate. Thus, to determine the angle of incidence and to decrease the

error introduced by this estimation, apertures were 3D printed. By modifying the

experimental setup it became apparent that the angle of incidence has an impact on

the absorption spectrum. It affects the fringes and thus, implementing the correct

angle within the fit algorithm provides a more accurate representation of the reality.

Consequently, obtaining accurate values with minimal percentage deviations from

the measured polymer layer thickness.
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The hypothesis that defining the angle of incidence improves the correction of the

spectra was shown to be inaccurate. While it did achieve an improved result for the

polymer layer thickness, which is also reflected in the evaluation of the minimum

error, it did not improve the correction of the absorption spectrum. This is because

the correction of the absorption spectra depends not only on the angle of incidence

but also on the noise in the data and the intrinsic properties of the material. These

factors, therefore, impose limitations on the calculations performed by the algorithm.

Accurately approximating the polymer layer thickness is relevant for determining

variations in the polymer layer thickness across an entire wafer. Such measurements

are crucial within the production process of the wafers, as they enable quality control

and verification of the consistency within the fabrication procedure. This method

for determining these values is advantageous due to its ease of application and quick

execution, resulting in lower resource usage and reduced time cost.

In addition, this work serves as the foundation for further research. As the reflection

measurements of these samples provide information of the bulk which in turn leads

to a more comprehensive understanding of the structure and crystallinity of the

polymer within the layer.
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A Appendix

The following code was implemented throughout this thesis to obtain the figures

and values of the refractive index and polymer layer thickness.

import numpy as np

import xarray as xr

import matplotlib.pyplot as plt

import pathlib

get_ipython ().run_line_magic(’matplotlib ’, ’widget ’)

import glob

import yaml

from yaml import load , dump

from yaml import CLoader as Loader , CDumper as Dumper

from scipy.optimize import least_squares

from matplotlib import colormaps

import re

from scipy.optimize import leastsq

from scipy.special import xlogy

from pybaselines import Baseline , utils

import os

import pandas as pd

def k1_prime(n1 , alpha):

return n1 * np.cos(alpha)

def k2_prime(n2 , alpha):

return np.sqrt(n2**2 - np.sin(alpha)**2)

def k3_prime(n3 , alpha):

return np.sqrt(n3**2 - np.sin(alpha)**2)

def phi_nu(nu , k2_p , d, alpha):

return 2 * np.pi * nu * k2_p * d

def R(n_polymer , n_substrate , d, alpha , nu , pol):

""" calculates reflection spectrum relative to substrate

n_polymer: number , xr.DataArray ,

refractive index of polymer layer
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n_substrate: function f(nu) returns refractive index of

substrate

refractive index of substrate

d: number , xr.DataArray ,

thickness of polymer layer in µm

alpha: number , xr.DataArray ,

angle of incidence in radians from surface

normal

nu: number , xr.DataArray ,

wavenumber in um -1

pol: {"s", "p"}

polarization

returns:

--------

reflection of polymer layer/substrate stack relative to

substrate reflection

"""

n1 = 1

k1_p = k1_prime(n1, alpha)

k2_p = k2_prime(n_polymer , alpha)

k3_p = k3_prime(n_substrate , alpha)

phi = phi_nu(nu , k2_p , d, alpha)

if pol == ’s’:

r12_s = (k1_p - k2_p) / (k1_p + k2_p)

r23_s = (k2_p - k3_p) / (k2_p + k3_p)

r_polymer = (r12_s + r23_s * np.exp(2 * 1j * phi)) /

(1 + r12_s * r23_s * np.exp(2 * 1j * phi))

r_substrate = (k1_p - k3_p) / (k1_p + k3_p)

R_values = abs(r_polymer)**2 / abs(r_substrate)**2

elif pol == ’p’:

r12_p = (-k1_p * n_polymer **2 + k2_p * n1**2) / (k1_p

* n_polymer **2 + k2_p * n1**2)

r23_p = (-k2_p * n_substrate **2 + k3_p * n_polymer

**2) / (k2_p * n_substrate **2 + k3_p * n_polymer
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**2)

r_polymer = (r12_p + r23_p * np.exp(2 * 1j * phi)) /

(1 + r12_p * r23_p * np.exp(2 * 1j * phi))

r_substrate = (-k1_p * n_substrate **2 + k3_p * n1**2)

/ (k1_p * n_substrate **2 + k3_p * n1**2)

R_values = abs(r_polymer)**2 / abs(r_substrate)**2

elif pol == ’both’:

r12_s = (k1_p - k2_p) / (k1_p + k2_p)

r23_s = (k2_p - k3_p) / (k2_p + k3_p)

r12_p = (-k1_p * n_polymer **2 + k2_p * n1**2) / (k1_p

* n_polymer **2 + k2_p * n1**2)

r23_p = (-k2_p * n_substrate **2 + k3_p * n_polymer

**2) / (k2_p * n_substrate **2 + k3_p * n_polymer

**2)

r_polymer_s = (r12_s + r23_s * np.exp(2 * 1j * phi))

/ (1 + r12_s * r23_s * np.exp(2 * 1j * phi))

r_substrate_s = (k1_p - k3_p) / (k1_p + k3_p)

r_polymer_p = (r12_p + r23_p * np.exp(2 * 1j * phi))

/ (1 + r12_p * r23_p * np.exp(2 * 1j * phi))

r_substrate_p = (-k1_p * n_substrate **2 + k3_p * n1

**2) / (k1_p * n_substrate **2 + k3_p * n1**2)

R_values = (abs(r_polymer_s)**2+ abs(r_polymer_p)**2)

/ (abs(r_substrate_s)**2 + abs(r_substrate_p)**2)

return R_values

def target_spectrum_ev(folder_path):

""" loading data into an xarray """

file_list = glob.glob(os.path.join(folder_path , "*.CSV"))

data_arrays = []

filenames = []

for file in file_list:
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df = pd.read_csv(file , header=None , names=["nu", "

absorption"], delimiter=",")

nu = df[’nu’]. values

absorption = df[’absorption ’]. values

filename = os.path.basename(file)[:-4]

da = xr.DataArray(absorption ,

dims=["nu"],

coords ={"nu": nu})

data_arrays.append(da)

filenames.append(filename)

combined_da = xr.concat(data_arrays , dim="idx")

combined_da.coords["filename"] = ("idx", filenames)

return combined_da

ImidSA = target_spectrum_ev("file_path")

ImidSA = ImidSA.sortby("nu").dropna(dim = "nu").sel(nu=slice

(580, 6900))

ImidSA = ImidSA.sortby("filename")

angle_SA = np.array ([17, 20, 22, 17])

layer_SA = np.array ([10, 10, 10, 10])

ImidSA = ImidSA.assign_coords(angle=(’idx’, angle_SA))

ImidSA = ImidSA.assign_coords(layer=(’idx’, layer_SA))

fig , ax = plt.subplots(figsize =(9 ,6))

colorlist = ["darkblue", "#BA324F", "#218380", "black"]

angle = [str (17)+" ◦ ", str (20)+" ◦ " , str (22)+" ◦ ", "-"]

for i, spec in enumerate(ImidSA):

ax.plot(spec.nu , spec , label=angle[i], color=colorlist[i

])

plt.xlabel(’Wavenumber /cm$^{-1}$’)

plt.ylabel(’Absorption /A.U.’)

handles , labels = ax.get_legend_handles_labels ()

labels , handles = zip(* sorted(zip(labels , handles), key=

lambda t: t[0]))

ax.legend(handles , labels , loc=’upper left’)
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plt.tight_layout(rect=[0, 0, 1, 1])

plt.title("Sample A")

ax.invert_xaxis ()

def correction_arPLS(target_spectra):

corrected_list = []

for i in range(target_spectra.sizes[’idx’]):

spec = target_spectra.isel(idx=i)

baseline_fitter = Baseline(x_data=spec.nu)

bkg_1 , _ = baseline_fitter.arpls(spec , lam=1E5)

corrected_spectra = spec - bkg_1

max_values = corrected_spectra.max(dim="nu")

min_values = corrected_spectra.min(dim="nu")

normalize_spectra = (corrected_spectra - min_values)

/ ( max_values - min_values)

normalize_spectra = normalize_spectra.assign_coords(

filename=spec.coords[’filename ’])

corrected_list.append(normalize_spectra)

combined_corrected_spectra = xr.concat(corrected_list ,

dim=’idx’)

return combined_corrected_spectra

ImidSA_arPLS = correction_arPLS(ImidSA)
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fig , ax = plt.subplots(figsize =(9 ,6))

angle = [str (17)+" ◦ ", str (20)+" ◦ " , str (22)+" ◦ ", "-"]

colorlist = ["darkblue", "#BA324F", "#218380"]

for i, spec in enumerate(ImidSA_arPLS [:3]):

ax.plot(spec.nu , spec , label=angle[i], color=colorlist[i

])

plt.xlabel(’Wavenumber /cm$^{-1}$’)

plt.ylabel(’Absorption /A.U.’)

handles , labels = ax.get_legend_handles_labels ()

labels , handles = zip(* sorted(zip(labels , handles), key=

lambda t: t[0]))

ax.legend(handles , labels , loc=’upper left’)

plt.title("Sample A - Baseline Corrected")

ax.invert_xaxis ()

def load_yaml_file(path):

""" loads a yaml file from the specified path.

path : str

file path of the yaml file

returns:

--------
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dict

returns it as a dictionary

"""

with open(path , ’r’) as file:

return yaml.load(file , Loader=Loader)

yaml_data = {}

file_patterns = glob.glob("/home/jovyan/shared/CJ/10_08 new

samples/literature values /*. yml.txt")

file_dict = {os.path.basename(file_path).split("_")[0]:

file_path for file_path in file_patterns}

for name , f in file_dict.items():

data = load_yaml_file(f)

yaml_data[name ]=( data)

def yaml_to_da(data):

""" converts refractive index data (n + ik) from the yaml

file into an xarray DataArray

data : dict

dictionary containing refractive index data from the

yaml file

returns:

-------

xarray.DataArray

A DataArray with the complex refractive index (n + ik

) as values ,

wavenumber as coordinates , and a single dimension ‘

wn_values ‘.

"""

data_string = data[’DATA’][0][ ’data’]

wn_values = []

n_values = []

k_values = []

for value in data_string.split("\n"):

parts = value.split ()

if len(parts) == 3:
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wn_values.append(float(parts [0]))

n_values.append(float(parts [1]))

k_values.append(float(parts [2]))

wn_values = np.array(wn_values)

n_values = np.array(n_values)

k_values = np.array(k_values)

da = xr.DataArray(n_values +1j* k_values ,

dims=["wn_values"],

coords ={"wn_values": wn_values })

return da

refind = {name:yaml_to_da(ymd) for name , ymd in yaml_data.

items ()}

from scipy.interpolate import interp1d

def get_interpfun(da):

interpfun = interp1d(da.wn_values.to_numpy (), da.to_numpy

(), kind="quadratic", bounds_error=False , fill_value="

extrapolate")

return lambda wn: xr.apply_ufunc(interpfun , wn)

refinds = {name:get_interpfun(da) for name , da in refind.

items ()}

thickness_SA = np.array ([10, 10, 10, 10])

ImidSA_arPLS = ImidSA_arPLS.assign_coords(layer=(’idx’,

thickness_SA))

class Initializer ():

"""

Initializes and performs fitting operations for comparing

simulated

and target spectra.

This class manages the parameters , bounds , and the
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fitting process for determining

the optimal fit between a target spectrum and a

calculated model.

"""

def __init__(self , substrate_refinds , target_spectrum ,

pol , alpha , d, n_polymer , fitted_params =["n_polymer",

"d"], bounds=None):

self.target_spectrum = target_spectrum

self.n_substrate = substrate_refinds (1E4/

target_spectrum.nu)

self.nu = target_spectrum.nu

self.pol = pol

self.alpha = alpha

self.d = d+0.2

self.n_polymer = n_polymer

self.fitted_params = fitted_params

if bounds is None:

bounds = {}

self.bounds = bounds

self.all_params = {"n_polymer":n_polymer , "d":d, "

alpha":alpha , "pol":pol , "n_substrate":self.

n_substrate , "nu":self.nu/1E4}

self._model_fun_args = ["n_polymer", "d", "alpha", "

pol", "n_substrate", "nu"]

def _init_fit(self):

params = []

param_names = []

fixed = {}

bounds_arrays = [[] ,[]]

for p_name in self._model_fun_args:

if p_name in self.fitted_params:

params.append(self.all_params[p_name ])

param_names.append(p_name)

bounds = self.bounds.get(p_name ,[-np.inf , np.

inf])

bounds_arrays [0]. append(bounds [0])
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bounds_arrays [1]. append(bounds [1])

else:

fixed[p_name] = self.all_params[p_name]

self.params_initial = params

self.params_names = param_names

self.fixed = fixed

def update_args(params):

d = self.fixed.copy()

d.update ({pn: arg for pn, arg in zip(self.

params_names , params)})

return d

self._model_fun_partial = lambda params: self.

model_fun (** update_args(params))

self.bounds_arrays = bounds_arrays

@staticmethod

def model_fun( n_polymer , d, alpha , pol , n_substrate , nu

):

""" calculates the difference betwenn measured and

calculated spectrum

params: number , xr.DataArray ,

variables that are being optimized (

n_polymer and alpha)

d: number , xr.DataArray ,

thickness of polymer layer in µm

pol: {"s", "p", "both"}

polarization

n_substrate: function f(nu) returns refractive index

of substrate

refractive index of substrate

returns:

--------

difference between target_spectrum and calculated

spectrum

"""

R_res= R(n_polymer , n_substrate , d, alpha , nu, pol)
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R_res =( R_res - R_res.min())/(R_res.max() - R_res.

min())

return R_res

def fit_fun(self , params):

diff = self._model_fun_partial(params) - self.

target_spectrum

return diff.values.flatten ()

def run_fit(self , *args , ** kwargs):

opt = least_squares(self.fit_fun , self.params_initial

, bounds=self.bounds_arrays , *args , ** kwargs)

self.opt = opt

@property

def fit_curve(self):

return self._model_fun_partial(self.opt.x)

@property

def fit_results(self):

return {pn: val for pn ,val in zip(self.params_names ,

self.opt["x"])}

from scipy.optimize import shgo

class InitializerGlobal(Initializer):

def fit_fun(self , params):

diff = self._model_fun_partial(params) - self.

target_spectrum

return np.sum(diff.values.flatten ()**2)

def run_fit(self , *args , ** kwargs):

opt = shgo(self.fit_fun , bounds=list(zip(*self.

bounds_arrays)), *args , ** kwargs)

self.opt = opt
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s = 10**- ImidSA_arPLS [1]. sel(nu=slice (580, 6900))

s = s.pipe(lambda arr:(arr - arr.sel(nu=slice (5200 ,6500)).min

())/( arr.sel(nu=slice (5200 ,6500)).max() - arr.sel(nu=

slice (5200 ,6500)).min()))

init = InitializerGlobal(refinds["Si"], s.sel(nu=slice

(5200 ,6500)), pol="both", d=10, alpha=s.angle /180*np.pi ,

n_polymer = 1.5, bounds ={"n_polymer":[1, 2], "d":[5, 15]},

fitted_params =["n_polymer", "d"])

init._init_fit ()

init.run_fit(n=200)

print(init.fit_results["d"])

fig , ax = plt.subplots(figsize =(7 ,6))

init.fit_curve.plot.line(x="nu", label=’Fitted Spectrum ’,

linestyle= "--", color= "#50 FFB1", zorder = 3)

s.plot.line(x="nu", color = "darkblue", label=’Measured

Spectrum ’,)

init.fit_results

plt.title("")

filename = s.filename.values

text_str = f’Sample A (20 ◦ ), n$_{{app}}$ = {init.fit_results

[" n_polymer "]:.2f}, d$_{{app}}$ = {init.fit_results ["d

"]:.2f}, d = {s.layer.values}’

plt.title(text_str , loc="right", fontsize =10)

plt.xlabel(’Wavenumber /cm$^{-1}$’)

plt.ylabel(’R/R$_0$ ’)

ax.invert_xaxis ()

handles , labels = ax.get_legend_handles_labels ()

labels , handles = zip(* sorted(zip(labels , handles), key=

lambda t: t[0]))

ax.legend(handles , labels , loc=’lower right’)

plt.tight_layout(rect=[0, 0, 1, 1])

plt.show()
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ds = np.linspace(5, 15, 100)

ns = np.linspace(1, 2, 100)

ds = xr.DataArray(ds , coords ={"ds":ds})

ns = xr.DataArray(ns , coords ={"ns":ns})

errors = xr.apply_ufunc(lambda n,d: np.sum(init.fit_fun ([n,d

])**2), ns , ds , vectorize=True)

error_min_index = errors.argmin(dim=["ns", "ds"])

min_ns = errors["ns"][ error_min_index["ns"]]. item()

min_ds = errors["ds"][ error_min_index["ds"]]. item()

min_error = errors.isel(ns=error_min_index["ns"], ds=

error_min_index["ds"]).item()

result_d = init.fit_results["d"]

result_n = init.fit_results["n_polymer"]

plt.figure ()
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errors.plot.pcolormesh(x="ds", y="ns")

plt.scatter(min_ds , min_ns , color="red", s=80, label=f"Min

Error: n={ min_ns :.2f}, d={ min_ds :.2f}µm", zorder=3,

edgecolors="black")

plt.scatter(result_d , result_n , color="#50 FFB1", s=80, label=

f"Fit Result: n$_{{app}}$ = {result_n :.2f}, d$_{{app}}$ =

{result_d :.2f}µm", zorder=3, edgecolors="black")

ax.legend ()

plt.title(f"min. error: {min_error :.2f}, at ns = {min_ns :.2f

}, ds = {min_ds :.2f}µm", fontsize = 10)

def init_n_d(s):

s = 10**-s

s = s.pipe(lambda arr:(arr - arr.sel(nu=slice (5800 ,6500))

.min())/( arr.sel(nu=slice (5800 ,6500)).max() - arr.sel

(nu=slice (5800 ,6500)).min()))

if s.angle == 17:

init = InitializerGlobal( refinds["Si"], s.sel(nu=

slice (5800 ,6500)), pol="both", d=10, alpha =17/180*

np.pi , n_polymer = 1.5, bounds ={"n_polymer":[1,

2], "d":[5, 15]}, fitted_params =["n_polymer", "d"

])

if s.angle == 20:
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init = InitializerGlobal( refinds["Si"], s.sel(nu=

slice (5800 ,6500)), pol="both", d=10, alpha =20/180*

np.pi , n_polymer = 1.5, bounds ={"n_polymer":[1,

2], "d":[5, 15]}, fitted_params =["n_polymer", "d"

])

if s.angle == 22:

init = InitializerGlobal( refinds["Si"], s.sel(nu=

slice (5800 ,6500)), pol="both", d=10, alpha =22/180*

np.pi , n_polymer = 1.5, bounds ={"n_polymer":[1,

2], "d":[5, 15]}, fitted_params =["n_polymer", "d"

])

init._init_fit ()

init.run_fit(n=200)

return init.fit_results

def renamer(d):

ren_dict = {"n_polymer":"app_n", "d":"app_d"}

for k in list(d.keys()):

if k in ren_dict:

d[ren_dict[k]] = d[k]

del d[k]

return d

init_res_SA = [init_n_d(s) for s in ImidSA_arPLS.transpose("

idx" ,...)]

ImidSA_arPLS= ImidSA_arPLS.assign_coords ({n:("idx", [ renamer

(l)[n]for l in init_res_SA ]) for n in ["app_n", "app_d"]})

def fit_fun(params , alpha , pol , n_substrate , target_spectrum

, return_difference=True):

""" calculates the difference betwenn measured and

calculated spectrum using the reflection spectrum

params: number , xr.DataArray ,

variables that are being optimized (

n_polymer and alpha)

d: number , xr.DataArray ,
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thickness of polymer layer in µm

pol: {"s", "p", "both"}

polarization

n_substrate: function f(nu) returns refractive index of

substrate

refractive index of substrate

target_spectrum: xr.DataArray

measured spectrum on Hyperion

returns:

--------

difference between target_spectrum and calculated

spectrum

"""

n_polymer = params [0]

d = params [1]

nu = target_spectrum.nu/1E4

R_res= R(n_polymer , n_substrate , d, alpha , nu, pol)

if return_difference:

diff = target_spectrum - (R_res)

difference = diff.values

return difference.flatten ()

return (R_res)

class Kappa ():

"""

A class that iteratively improves the absorption index ,

refractive index and polymer layer thickness.

"""

def __init__(self , target_spectrum , alpha , n_subs ,

fit_fun , nu=None):

self.target_spectrum = target_spectrum

if nu is None:

nu = target_spectrum.nu

self.nu = nu

self.k_to_n_arr = self.get_k_to_n_arr(self.nu)

self.fit_fun = fit_fun

self.alpha = alpha
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self.kappa_new = None

self.n_new = None

self.A_meas = 10**- target_spectrum #reflection

spectrum

self.app_n = target_spectrum.app_n.values

self.app_d = target_spectrum.app_d.values

self.parameters = {"alpha": self.alpha , "pol": ’both’

, "n_substrate": n_subs (1E4/self.nu), "

target_spectrum": self.A_meas}

@staticmethod

def get_k_to_n_arr(nu):

nu_new = nu.rename(nu="nu_out")

nu_m = nu.shift(nu=+1)

nu_p = nu.shift(nu=-1)

nu_i = nu

def g(x,y):

return xlogy(x-y, np.abs(x-y)) + xlogy(x+y, np.

abs(x+y))

term1 = g(nu_new , nu_m)/(nu_i - nu_m)

term2 = (nu_p - nu_m)*g(nu_new , nu_i)/((nu_i -nu_m)*(

nu_p -nu_i))

term3 = g(nu_new , nu_p)/(nu_p - nu_i)

return 1/np.pi*(term1 -term2+term3).dropna("nu")

def n_from_k(self , k, n_inf):

n = self.k_to_n_arr.dot(k) + n_inf

n = n.rename(nu_out="nu") + 1j*k

return n

@staticmethod

def kappa_app(A_corr , nu , d, n_polymer , alpha):

nu = nu/1E4

a = A_corr / (np.log10(np.e) * 4 * np.pi * nu * 2 * d

/ (np.sqrt(1 - 1 / n_polymer **2 * np.sin(alpha)

**2)))

78



return a

def compute_initials(self):

A_calc_initial = self.fit_fun ([self.app_n , self.

app_d], **self.parameters , return_difference=

False)

A_corr = -np.log10(self.A_meas/ A_calc_initial)

self.kappa_new = np.abs(self.kappa_app(A_corr , self.

nu , self.app_d , self.app_n , self.alpha))

self.n_new = self.n_from_k(self.kappa_new , self.

app_n)

return self.n_new

def optimize_ratio(self , return_scaling=False):

A_calc = self.fit_fun ([self.n_new , self.app_d], **

self.parameters , return_difference=False)

self.kappa_prev = self.kappa_new.copy()

scaling = np.log10((self.A_meas / A_calc))

self.kappa_new = self.kappa_prev * scaling

self.n_new = self.n_from_k(self.kappa_new , self.app_n

)

if return_scaling:

return self.n_new , scaling

return self.n_new

def optimize_delta(self , return_delta=False):

A_calc = self.fit_fun ([self.n_new , self.app_d], **

self.parameters , return_difference=False)

self.kappa_prev = self.kappa_new.copy()

delta = ( -np.log10(A_calc) +np.log10(self.A_meas))/\

(np.log10(np.e)*4*np.pi*self.nu/1E4*self.

app_d/np.sqrt(1-np.sin(self.alpha)**2/ self

.app_n **2))

self.kappa_new = self.kappa_prev + delta

self.n_new = self.n_from_k(self.kappa_new , self.app_n

)

if return_delta:
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return self.n_new , delta

return self.n_new

def fit_function(self , kappa , fit_fun , coeff_weight=None ,

diff2_weight=None):

if kappa.shape [0] != len(self.nu):

raise ValueError(f"Expected kappa of length {len(

self.nu)}, but got {kappa.shape [0]}")

kappa_new = xr.DataArray(kappa , dims=["nu"], coords ={

"nu": self.nu})

n_new = self.n_from_k(kappa_new , self.app_n)

A_calc = fit_fun ([n_new , self.app_d], **self.

parameters , return_difference=False)

error = ((self.A_meas) - (A_calc)).values

if coeff_weight is not None:

error = np.append(error , np.sqrt(np.abs(kappa_new

.values)) * np.sqrt(coeff_weight))

if diff2_weight is not None:

error = np.append(error , np.sqrt(np.abs(kappa_new

.diff(dim="nu", n=2).values)) * np.sqrt(

diff2_weight))

return error

def fit_function_nd(self , kappa_n , fit_fun ,coeff_weight=

None , diff2_weight=None):

"""fit function using kappa as first part and n_infty

as last element """

n_infty = kappa_n [-2]

d = kappa_n [-1]

kappa_new = xr.DataArray(kappa_n [:-2], dims=["nu"],

coords ={"nu": self.nu})

n_new = self.n_from_k(kappa_new , n_infty)

A_calc = fit_fun ([n_new , d], **self.parameters ,

return_difference=False)

error = ((self.A_meas) - (A_calc)).values

if coeff_weight is not None:

error = np.append(error , np.sqrt(np.abs(kappa_new
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.values)) * np.sqrt(coeff_weight))

if diff2_weight is not None:

error = np.append(error , np.sqrt(np.abs(kappa_new

.diff(dim="nu", n=2).values)) * np.sqrt(

diff2_weight))

return error

def optimize_least_squares(self ,coeff_weight=None ,

diff2_weight=None , *args , ** kwargs):

res = least_squares(self.fit_function , np.abs(self.

kappa_new.values), verbose=2,bounds =(0, np.inf),

args=(self.fit_fun ,coeff_weight ,

diff2_weight), *args , ** kwargs

)

self.kappa_new = xr.DataArray(res["x"], dims=["nu"],

coords ={"nu": self.nu})

self.n_new = self.n_from_k(self.kappa_new , self.app_n

)

return self.n_new

def optimize_least_squares_nd(self ,coeff_weight=None ,

diff2_weight=None , *args , ** kwargs):

res = least_squares(self.fit_function_nd , np.

concatenate ([np.abs(self.kappa_new.values), [self.

app_n , self.app_d ]]),

verbose=2,bounds =(0, np.inf),

args=(self.fit_fun ,

coeff_weight , diff2_weight), *

args , ** kwargs)

self.app_n = res["x"][-2]

self.app_d = res["x"][-1]

self.kappa_new = xr.DataArray(res["x"][:-2], dims=["

nu"], coords ={"nu": self.nu})

self.n_new = self.n_from_k(self.kappa_new , self.app_n

)

return self.n_new

def error_fun_ndonly(self , nd , n_bare):

A_calc = -np.log10(self.fit_fun ([ n_bare+nd[0], nd

[1]], **self.parameters , return_difference=False))
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return (-np.log10(self.A_meas) -A_calc)

def optimize_least_squares_nd_only(self , *args , ** kwargs)

:

n_bare = self.n_from_k(self.kappa_new , 0)

res = least_squares(self.error_fun_ndonly , [self.

app_n , self.app_d], verbose=2,bounds =((1 ,5), (2,

15)),args=(n_bare ,) , *args , ** kwargs)

self.app_n = res["x"][0]

self.app_d = res["x"][1]

self.n_new = self.n_from_k(self.kappa_new , self.app_n

)

return self.n_new

class Kappa_Spline(Kappa):

"""

Fits Kappa with a spline , allows for adaption of

resolution of the wavenumbers

"""

def __init__(self , target_spectrum , alpha , n_subs ,

fit_fun):

nu_orig = target_spectrum.nu

nu = xr.concat ([ nu_orig.sel(nu=slice(None , 2500)).

coarsen(nu=8, boundary="pad").mean(),

nu_orig.sel(nu=slice (2501, 3200)).

coarsen(nu=100, boundary="pad").

mean(),

nu_orig.sel(nu=slice (3201, 4500)).

coarsen(nu=8, boundary="pad").mean

(),

nu_orig.sel(nu=slice (4501, None)).

coarsen(nu=100, boundary="pad").

mean()], dim="nu")

super().__init__(target_spectrum , alpha , n_subs ,

fit_fun , nu = nu)

self.nu_orig = nu_orig
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self.k_to_n_arr = self.get_k_to_n_arr(nu , self.

nu_orig)

self.k_to_k_full_arr = self.get_k_to_k_full_arr(nu ,

self.nu_orig)

self.parameters["n_substrate"] = n_subs (1E4/self.

nu_orig)

@staticmethod

def get_k_to_n_arr(nu , nu_new=None):

if nu_new is None:

nu_new = nu

nu_new = nu_new.rename(nu="nu_out")

nu_m = nu.shift(nu=+1)

nu_p = nu.shift(nu=-1)

nu_i = nu

def g(x,y):

return xlogy(x-y, np.abs(x-y)) + xlogy(x+y, np.

abs(x+y))

term1 = g(nu_new , nu_m)/(nu_i - nu_m)

term2 = (nu_p - nu_m)*g(nu_new , nu_i)/((nu_i -nu_m)*(

nu_p -nu_i))

term3 = g(nu_new , nu_p)/(nu_p - nu_i)

return -1/np.pi*(term1 -term2+term3).dropna("nu")

@staticmethod

def get_k_to_k_full_arr(nu , nu_new):

nu_new = nu_new.rename(nu="nu_out")

nu_m = nu.shift(nu=+1)

nu_p = nu.shift(nu=-1)

nu_i = nu

lower = (nu_new - nu_m)/(nu_i - nu_m)

upper = (nu_p - nu_new)/(nu_p - nu_i)

out = xr.where(np.logical_and ((nu_m <nu_new),(nu_new <=

nu_i)), lower , 0) + xr.where(np.logical_and ((nu_i <

nu_new),(nu_new <=nu_p)), upper , 0)

return out.dropna("nu")

def n_from_k(self , k, n_inf):

n = self.k_to_n_arr.dot(k) + n_inf + 1j*self.

k_to_k_full_arr.dot(k)
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n = n.rename(nu_out="nu")

return n

def compute_initials(self):

A_calc_initial = self.fit_fun ([self.app_n , self.app_d

], **self.parameters , return_difference=False)

A_corr = -np.log10(self.A_meas / A_calc_initial)

self.kappa_new = np.abs(self.kappa_app(A_corr , self.

nu_orig , self.app_d , self.app_n , self.alpha)).

interp(nu=self.nu)

self.n_new = self.n_from_k(self.kappa_new , self.app_n

)

return self.n_new

spcidx = 3

colorlist = ["#218380", "#BA324F", "darkblue", "black"]

cur_spec = ImidSA_arPLS.isel(idx=spcidx).sel(nu=slice

(580 ,6900))

def fit_spectrum_coeff(s, title=None):

s = s.assign_coords ({n:("idx", [ renamer(l)[n]for l in [

init_n_d(s)]]) for n in ["app_n", "app_d"]}).isel(idx

=0)

fitting_instance = Kappa_Spline(target_spectrum=s, alpha=

s.angle /180* np.pi, n_subs=refinds["Si"], fit_fun=

fit_fun)

fig , ax = plt.subplots ()

newval = fitting_instance.compute_initials ()

newval.imag.plot.line(x="nu", label = f’initial , n$_{{app

}}$ = {fitting_instance.app_n :.2f}, d$_{{app}}$ = {

fitting_instance.app_d :.2f}’, color="black")

plt.xlabel(’Wavenumber /cm$^{-1}$’)

plt.ylabel(’Absorption /A. U.’)

ax.legend ()

ax.invert_xaxis ()
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plt.title("Sample A")

plt.show()

return fitting_instance

fitters_I78 = {}

indices = [3]

for idx in indices:

s = ImidSA_arPLS.isel(idx=[idx])

fitters_I78[idx] = fit_spectrum_coeff(s)

def fit_spectrum(s, title=None):

fig , axs = plt.subplots(nrows=2, sharex=True)

axs [0]. set_title(title)

axs [0]. set_ylabel(r"$\Re(n)$")

axs [0]. set_xlabel("Wavenumber /cm$^{-1}$")

axs [1]. set_ylabel(r"$\Im(n)$")

axs [1]. set_xlabel("Wavenumber /cm$^{-1}$")

def plot_step(nk , label , color):

axs [0]. plot(nk.nu , nk.real , label=label , color=color)

axs [1]. plot(nk.nu , nk.imag , label=label , color=color)

axs [1]. legend(loc = "upper left")

axs [0]. legend(loc = "center left")

fig.canvas.draw()
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s = s.assign_coords ({n:("idx", [ renamer(l)[n]for l in [

init_n_d(s)]]) for n in ["app_n", "app_d"]}).isel(idx

=0)

fitting_instance = Kappa_Spline(target_spectrum=s, alpha=

s.angle /180* np.pi, n_subs=refinds["Si"], fit_fun=

fit_fun)

stepval = fitting_instance.compute_initials ()

plot_step(stepval ,f’initial , n$_{{app}}$ = {

fitting_instance.app_n :.2f}, d$_{{app}}$ = {

fitting_instance.app_d :.2f}’, color="black")

fitting_instance.optimize_least_squares(coeff_weight =1E

-5, max_nfev =30, diff2_weight =1E-20,loss="soft_l1")

plot_step(fitting_instance.optimize_least_squares_nd_only

(max_nfev =15), f’optimized , n$_{{app}}$ = {

fitting_instance.app_n :.2f}, d$_{{app}}$ = {

fitting_instance.app_d :.2f}’, color="#80 D9CC")

axs [0]. invert_xaxis ()

return fitting_instance

fitters_sim = {}

indices = [3]

for idx in indices:

s = ImidSA_arPLS.isel(idx=[idx])

fitters_sim[idx] = fit_spectrum(s)
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def fit_spectrum_coeff(s, title=None):

s = s.assign_coords ({n:("idx", [ renamer(l)[n]for l in [

init_n_d(s)]]) for n in ["app_n", "app_d"]}).isel(idx

=0)

fitting_instance = Kappa_Spline(target_spectrum=s, alpha=

s.angle /180* np.pi, n_subs=refinds["Si"], fit_fun=

fit_fun)

fig , ax = plt.subplots ()

newval = fitting_instance.compute_initials ()

fitting_instance.optimize_least_squares(coeff_weight =1E

-5, max_nfev =30, diff2_weight =1E-20, gtol =.5e-8,loss="

soft_l1")

fitting_instance.optimize_least_squares_nd_only(max_nfev

=15).imag.plot.line(x="nu", label = f’optimized , n$_{{

app}}$ = {fitting_instance.app_n :.2f}, d$_{{app}}$ = {

fitting_instance.app_d :.2f}’, color="#80 D9CC")

plt.xlabel(’Wavenumber /cm$^{-1}$’)

plt.ylabel(’Absorption /A. U.’)

ax.legend ()

ax.invert_xaxis ()

plt.title("Sample A")

plt.show()
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return fitting_instance

fitters_I78 = {}

indices = [3]

for idx in indices:

s = ImidSA_arPLS.isel(idx=[idx])

fitters_I78[idx] = fit_spectrum_coeff(s)
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