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1. Introduction

1.1. Background information

To start with, a Non Destructive Testing (NDT) is a technique that consists of a variety of non-
invasive inspection techniques used to evaluate material properties, components or the entire
process units. It can be used during all the stages of the manufacturing processes of the material
sample. The main purpose of NDT is to inspect a component in a safe, reliable and cost
effective manner without causing any damage to the material [38], as it requires a low power
light source.

Generally, NDT is divided into conventional and non-conventional (advanced) methods,
where the methods are almost complementary to each other. The key characteristics of the
conventional methods include simplicity, accessibility and general standardization .They are
the foundation of today's most advanced NDT methods. In contrast, the non-conventional
(advanced) NDT methods are more recent and modern methods integrated with complex
sensors, digital imaging, advanced data processing with automation yielding high data quality
output.

Optical mapping tools, a type of non-destructive mapping tools, are techniques used to
characterize the structural, chemical and physical properties of materials by adopting the
interaction of light with the matter. The interaction of light with the matter is a physical process
that occurs when an electromagnetic radiation encounters atoms, molecules or materials during
light absorption, reflection, transmission or scattering.

Note that non-destructive mapping tools is a broad field mainly containing an optical, X-ray,

acoustic (ultrasonic), magnetic or electrical mapping techniques see the flow chart below.
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Figure 1.1. Non-destructive mapping tools flow chart

Almost in all disciplines of science, for example in the field of material sciences like thin films
characterization in photovoltaics [ 1], microelectronics, and in biological and medical sciences,
non-destructive optical techniques play a great role. One of the most widely used techniques
is the spectroscopic ellipsometry (SE) [2]. Spectroscopic ellipsometry primarily measures the
relative change in polarization state of the measurement beam induced by reflection from or
transmission though a sample. It measures the amplitude ratio, tan (y), and the phase
difference, A(delta), between the p-polarizations (light polarized parallel to the plane
incidence) and the s-polarizations (light polarized perpendicular to the plane of incidence) [1].
It is a relatively fast, non-destructive, non-intrusive, noninvasive and contactless optical
technique [3]. Upon interaction, the polarized light often becomes elliptical, a reason behind

the name’s derivation for spectroscopic ‘ellipsometry’ [2] [47].

During most of the measurements, in laboratory or during fabrication process, spectroscopic
ellipsometry is used to analyze multilayered film structures, interfaces, and composites. It is
capable for extreme sensitivity to layer thickness changes well below 1A [4]. At the same
time, it has high-speed measurement capability, makes it an efficient optical tool for imaging
or mapping. Under appropriate circumstances, SE determines film thicknesses more
accurately than any other known technique [3]. Advances in data-acquisition speed have made
spectroscopic ellipsometry more relevant for rapid in-line metrology [5]. In addition to optical
properties, ellipsometry may also be used to characterize materials' composition, crystallinity,

doping, and electrical conductivity with the right modelling and calibration [6].



However, solving an inverse problem is what ellipsometry data analysis entails. As
ellipsometry is an indirect measurement method, information about the sample under study is
obtained by fitting measured ellipsometry spectra to optical and structural models [7], which
usually is a complex data analysis and fitting process [44]. During data analysis, the measured
values cannot be converted directly into physical parameters. Usually, a good optical model
should be created and a fitting procedure is used to evaluate the variable parameters. Finding
the best match between the model and the experiment is typically achieved through regression,
where the computer program calculates the ellipsometric angles (based on the optical model)
and compares them with the measured ones. An estimator, such as the mean square error
(MSE), is used to quantify the difference between the calculated and measured ellipsometric

angles. A lower MSE indicates a better-fit and better optical model [2].

There is an analytic forward function that relates material properties to experimental data for
a certain optical model that includes sample geometry and incidence plane, ellipsometric
angles (¥ and A) as a function of wavelength (1) and incidence angle.

In order to understand material properties from experimental data, the inverse function should
be computed, either explicitly or implicitly.

However, inversion is challenging due to the forward function's complexity and nonlinearity.
Ellipsometry data is easy to interpret when the materials are well understood and there are few
unknowns. However, the analysis becomes rigorous with complexity of situations in
increasingly complicated situations and the analysis is frequently extremely time-consuming
[6].

Basically, there are well-established analysis methods in which one can extract the optical
properties and material thicknesses from the experimental spectroscopic ellipsometry data by
reversing the forward function.

The most popular method combines nonlinear regression with models, including the Drude
and Tauc-Lorentz models, which use a limited number of parameters to characterize the
properties of optical materials. Another approach, spline analysis, uses a piecewise polynomial
to parametrize the imaginary component of the dielectric function and the Kramers-Kronig
(KK) connection to calculate the real part [8]. In this case, the spline parameterization is
affected by the nonlinear regression instead of the underlying spectral model.

A wavelength-by-wavelength method is another option [9]. The forward function at a
particular wavelength is independent of evaluation at other wavelengths and only depends on
sample characteristics. Because of this, the forward function is input and output tensors at a

particular wavelength have comparatively low dimensionality (usually, less than 10), allowing
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for an analytical approximation of the inverse function. Nevertheless, this method only works
if the forward function is one-to-one, and there is not a straightforward way to tell if that is the
case. Furthermore, this method does not ensure the continuity, smoothness, and KK-
consistency of the inferred spectrum because the function is evaluated wavelength-by-
wavelength.

Recently, with the advancement of artificial intelligence (Al), a deep learning approach is
under intensive investigation, which tries to tackle the time consuming ellipsometric data
analysis and poor precision, especially with increasing number of parameters. A deep learning,
fundamentally based on artificial neural networks, is specialized subset of machine learning
[6].

Note that Al is a branch of research that focusses on creating machines and computers that are
capable of reasoning, learning, and acting in ways that would typically need human
intelligence or that include data that is too large for people to analyze, where as

Machine Learning (ML) is a broad field of Artificial Intelligence (AI) where systems are
designed to train and then learn autonomously from a huge data and make decisions or

predictions without being explicitly programmed.

Generally, ellipsometry technique uses collimated light beams with a well-defined angle of
incidence to illuminate the sample. Fried et al. showed a non-parallel expanded beam could

also be used [10] [11].

During in situ real-time measurement, fabrication and processing, ellipsometry is used to
analyze the multilayered film structures, interfaces, and composites, being famous for its
extreme sensitivity to very thin over layers well below 1A thickness [4], which makes it an
efficient optical mapping tool for thin film solar cells added with its high-speed measurement
capability. Under appropriate circumstances, SE determines film thicknesses more accurately
than any other known technique [12] and a thorough and in-depth data analysis can yield a
very rich information regarding the material's optical properties, layer thicknesses, and other
relevant parameters [13]. The optical properties of a material may include the refractive index
(n), the extinction coefficient (k), dielectric function and absorption coefficient (o) [1]. These

parameters can entirely explain the propagation of the electromagnetic waves in the media.

However, several critical considerations must be addressed when conducting spectroscopic

ellipsometry measurements.



First, the size of the surface roughness of samples has to be rather smaller than the wavelength
of the measurement beam, generally below 30%, otherwise the scattered light depolarizes the
measurement beam and deviates the reflected beam away from the detector, in addition to the
reduction the light intensity.

Surface roughness is a common characteristic of real-world films that needs to be considered
in any precise optical model. The Effective Medium Approximation (EMA), which is the most
widely used method, treats the roughness of inhomogeneous materials (like porous thin films,
rough interfaces or mixed phases) as a separate layer with an effective dielectric function,
usually a 50/50 blend of void and underlying material. EMA treats these materials as if they
were homogeneous media with some “effective” optical properties (e.g., refractive index or
dielectric constant).Nonetheless; a great deal of research has been done in relation between the
thickness of the EMA layer and the morphological features of the roughness.

Some popular specific models that fall within the broader framework of the EMA are Maxwell

Garnett Approximation (MG) and the Bruggeman Approximation methods.

o Maxwell Garnett Approximation (MG): Asymmetrical EMA model that assumes a host
medium with embedded inclusions most suitably used during small inclusions (e.g.,
nanoparticles, pores, voids) are dispersed in a continuous host matrix.

o Bruggeman Approximation: Symmetrical EMA model that treats all components
equally; no distinct host or inclusion, most appropriately used when phases are

intermixed, or the volume fractions are comparable.

The work of Fodor et. al. (2016) [50] provides critical insight into this relationship through
rigorous finite-element method (FEM) simulations. They demonstrated that for random rough
surfaces, the ellipsometric response calculated via FEM matches that of an EMA model only
when the illumination wavelength is much larger than the surface feature size. Furthermore,
they established that, the correlation between d EMA and the root-mean-square roughness
(R_RMS) is not linear, as often assumed, but quadratic, and is also dependent on the lateral
correlation length (&). This work bridges the gap between purely morphological measurements
(like AFM) and optical characterization, confirming that ellipsometry is more sensitive to

sharper surface features with high local slopes.

Second, to maximize the sensitivity and reaction of the photo detectors, measurements must
be carried out at an oblique angle of incidence. Normal and parallel incidences of light beam

on a sample are not productive [2]. At a normal angle of incidence, for example, as the s-



polarizations (perpendicular to the plane of incidence) and the p-polarizations (parallel to the
plane incidence) cannot be distinguished one from the other. This makes the choice of the
incidence angle more vital. For semi-conductors, the angle of incidence is typically from 70°
-80° [2].

Other common restrictions include, thin film quality (like thickness limitation, transparency,
absorption, homogeneity and isotropy), and modelling accuracy.

Note that,

As a rule of thumb, reliable measurements are typically limited to an RMS (root mean square)

roughness o that is less than A/10, where A is the measurement wavelength [14].

Film thickness limitation

Upper Thickness Limit: For a standard setup using visible light (Spectroscopic Ellipsometry),

films generally need to be under approx. Sy (micrometers).

Very thick films cause too many interference oscillations in the data disturbing the thickness
determination uniqueness. Thin films up to approx. S0um require IR ellipsometry, longer

wavelengths measurement beam [39].

Lower Thickness Limit (Ultra-Thin Layers): While highly sensitive to even sub-nanometer
layers, ellipsometry may not be able to uniquely determine both the thickness and the refractive
index (n, k) of a layer that is too thin (e.g., a few Angstroms).Often, a known refractive index

must be assumed to get an accurate thickness [39].

The flow chart of the Spectroscopic ellipsometry data analysis is shown in figure 1.2.
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Figure 1.2. Spectroscopic Ellipsometry procedures flow chart

(https://www.jawoollam.com/resources/ellipsometry-tutorial/ellipsometry-data-analysis)

As ellipsometry is an indirect measuring technique, a multi-stage process is required that
involves the ellipsometric parameters (¥ and A) measurement, careful optical modelling and
iterative fitting to reach to the results, the physical and optical parameters which characterize
the material, as shown in Fig. 1.2 flow chart.

The initial stage involves the polarimetric measurements of the sample across a range of
wavelengths, RGB range in our cases. After a linearly polarized light incidents at an oblique
angle of incidence and gets elliptically polarized upon reflection, the change in polarization
state ,defined by ¥ and A , is recorded by the polarization sensitive detector.

The measurement process can be classified in five steps [1],

1) Polarized beam generation: this involves generating measurement light beam in a known
state of polarization utilizing optical sources like, monochromator, polarizer, compensator. In
our case, the light sources used are an LCD-LED monitor and RGB laser module.

ii) Polarized beam-sample interaction: an interaction of the polarized beam of light with a
sample, resulting in an emergent beam in a second polarization state, elliptically polarized
beam in our case.

iii) Emergent polarized beam detection: the measurement of the emerging polarization state
using optical elements such as a compensator, polarizer, spectrometer, and solid-state detector.

In our experimental setup assembly, the polarization sensitive camera is used, which uses a



solid-state CMOS sensor with specialized polarization filters integrated on chip for advanced
polarization imaging.

iv) Determination of ellipsometry data: which involves measuring the change in the
polarization state of light upon reflection from a sample, expressed as a complex reflectance
ratio, which is the ratio of the reflected p- and s-polarized light components, represented by
the amplitude ratio, tan (¥), and phase difference, A.

v) Data analysis: extraction of the optical and physical material parameters by modeling the
sample structure and fitting the calculated reflectance ratios to the experimental data, through

robust, model-based regression analysis [1].

The next step is the construction of an optical model that best represents the sample structure,
as the measured ellipsometric parameters do not directly give the required properties of the
sample. The optical modelling passes through two main considerations, the structural
modelling and the dispersion modelling. The structural modelling involves the physical
structure (monolayer, multi-layer stuck etc.) with their corresponding approximate thickness
estimations to narrowly guide the iteration process. The dispersion modelling is a mathematical
description of the complex dielectric functions with respect to the measurement beam spectral
range. Some commonly used dispersion models include Cauchy, Sellmier, Tauc-Lorentz and
Lorents oscillations, that ensure the dispersion optical constants are physically realistic and
satisfy the Kramers-Kronig relations [12]. Note that, the fundamental Kramers-Kronig (KK)

equations govern the relationship between the complex dielectric functions, €1 and €.

The basic relation between these complex dielectric constants and the complex refractive

indices of a material is discussed in chapter 2, theoretical background.

A physically well-constrained optical model is required to yield both a statistically good fitting
result (low MSE) and physically relevant final parameters. Nevertheless, a good fitting result
does not necessarily guarantee a good model, due to the problem of the non-uniqueness or
correlation of parameters behavior of, which is a key challenge of the spectroscopic
ellipsometric data analysis.

The fitting process, where a complex numerical analysis is carried out, is a crucial part of the
SE data analysis process. The fitting process attempts to reduce the discrepancy between the
experimentally measured ¥ and A ellipsometric spectra and the ¥ and A curves theoretically
generated by the optical model. An iterative non-linear least-squares algorithm is employed to

systematically adjust the unknown parameters within the model (e.g., film thicknesses, critical



point energies in the dispersion models, and surface roughness) until the best possible
congruence is achieved. The quality of the fit is quantitatively assessed using a metric such as
the Mean Squared Error (MSE).

The final step to physically interpret and validate the previous processes and physically define
and characterize the sample (physical and optical parameters), resulting from the successful
minimization of the MSE.

The integrity of the results is contingent upon the uniqueness and physical viability of the
chosen model. Over-parameterization must be avoided, as it can lead to non-unique solutions
with low MSE but no physical meaning. Validation often involves comparing the extracted
optical constants to established literature or cross-referencing thickness values with
complementary techniques, like Transmission Electron Microscopy (TEM) or X-ray
Reflectometry (XRR) (the J.A. Woollam M2000DI elllipsometer, in our case.)

A good optical model is necessary to achieve good fitting results (a low Mean Squared Error
or MSE) and, more importantly, physically meaningful results [53], as a low MSE indicates a

high degree of correlation between the model and the experiment.

Driven by the nanotechnology, ellipsometry is now being further investigated and utilized for

the non-destructive and contactless characterization of nanomaterials and nanostructures.

1.2. Outline of the Problem

During conventional ellipsometric mapping, data collection is relatively slow and uses a small
scanned spot. We know two industrial systems which are capable of measuring big (square-
meter size) samples: the Semilab FPT system [40] and the Woollam AccuMap [41] system.
Both systems use a “traditional” SE device (priced approx. 100k USD) in special big
moving/scanning systems, measuring the big samples point by point.

The Woollam brochure states that “Data Acquisition Rate: <6 s per point (includes time for
movement to new point, automated alignment, and data collection)” so it can measure one big
area in several minutes.

Besides, the mechanical part nature of these ellipsometers contributes minor errors, instability
and precision of the measurement and their evaluations.

These gaps hinder the measurement speed, difficulty in large area samples analysis, and
efficiency of the experimental process as a whole.

Therefore, our laboratory developed optical mapping prototype ellipsometers, large area and

small area mapping devices, that addresses these issues and endeavors to cover these gaps.



The newly developed prototype devices, assembled from cost-effective components, provide
fast imaging capability-reducing data acquisition time, where large ellipsometric data can be
collected in just couple of seconds compared to the several minutes of the conventional
scanning ellipsometers. Besides, in comparison to the conventional ellipsometer typical
current 15cm diameter sized samples capability, larger area size samples can be analyzed in
our new assembly, without incorporating any moving mechanical parts in the setup.

Note that, if the current LCD-LED monitor used in our large area mapping tool assembly is
replaced by a larger display panel, LCD TV, mapping area range can extend up to 150 cm.
The newly developed prototype devices are assessed through experimental laboratory works
by measuring different types of samples after a proper calibration, validation and comparison
of the results with a standard conventional spectroscopic ellipsometer (M2000 DI by J.A.
Woollam Co).

1.3. Research objectives and their relevance

The main aim of this work is to assess prototypes for the optical imaging using only non-
expensive parts: LCD-LED monitors, TVs or laser diodes for light source and polarization
sensitive camera as detector.

This research project is very relevant with the current and future targets of the materials science
and technology research areas. The research concentrates on the properties of thin films in the
range of 10-100 nm.

Since it is a fast and exponentially growing field of interest nowadays, the research work
explores a new way of dealing with our resources and tries to contribute to the long-term aim

towards Green energy Vision of our planet, Earth.

The main sub-tasks of the research are:

[J Assess prototypes of non-destructive optical imaging devices from inexpensive parts.

) Programming the data collection and data processing software and

[1 Making measurements on selected samples and determining the precision of the newly

developed prototype devices.
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1.4. General thesis Outline

The thesis deals with non-destructive optical mapping tools without moving parts from
inexpensive parts, unlike the standard conventional spectroscopic ellipsometers with
mechanical hardware, on spectroscopic ellipsometry, on two newly developed levels:

1). Macro area level, which considers thin film, samples of macro area level, usually
few centimeters, about 30cm diameter thin film samples. Note that the conventional
ellipsometers analyze samples of smaller size. The main light source in this case is LCD/LED
monitors, emitting with polarized light. The monitor calibration is highly recommended in this
case, after some basic calibration of the angle of incidence of the specific experiment, usually
using the famous sample SiO; on Silicon substrate, before dealing with the monitor correction.
It is worth noting that measuring a thin film sample of around 150cm is also possible in this
newly developed mapping tool.

i1). Micro area level, which considers thin film samples of micro area level, an imaging
microscopic ellipsometer utilizing a point-light source, RGB Laser module. In this setup, only
angle of incidence calibration is required.
Many different thin film samples of different area sizes, nature and thicknesses are
accomplished. After many experiments, the result is mainly compared with the corresponding
results of the Woollam J.A. M2000 DI ellipsometer, our standard reference tool in our case,
and with previous scholarly experimental results of other authors.
Each part is supported by careful and detailed independent laboratory experiments through
calibrations and comparison and validations.
Compared to the current standard conventional ellipsometers, a faster optical mapping tool,
larger or smaller surface area sample analysis, with non-moving inexpensive hardware parts,

is achieved which was the main objective of the thesis work.

1.5. Thesis Statements

1. I have shown that it is possible to make a non-destructive optical imaging device from
inexpensive parts (LCD-LED monitors, TVs for light source and polarization sensitive
camera as a light detector) to measure in one shot on large, macro area, sample sizes. [1, 2]

2. I have shown that it is possible to make a non-destructive optical imaging devices from
inexpensive parts (RGB laser diodes for light source and polarization sensitive camera as a

light detector) to measure in one shot on small (mm size), micro area, sample sizes. [3]
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3. After an appropriate subsequent calibration processes, I have shown that the devices (in
points 1 and 2) can image a sample surface with a 1 nm thickness resolution on several 10

thousand pixels. [1-3]
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2. Theoretical background

Consider an electromagnetic wave of initial wavelength (A) and electric field of magnitude (Eo)
in free space, incidents on two different materials, one transparent and the other light absorbing
medium, as shown in Figure 2.1 (c) and (d) [2].

In the case light transmission through the transparent medium, the initial wavelength and
magnitude of the electric field reduce to A/n and Ei, respectively, where Ei indicates
magnitude of the electric field in the transparent medium and n the refractive index of the
medium.

Note that, the propagation of electromagnetic waves in a transparent medium is completely
determined by the refractive index of the medium though which it advances [2], where the
extinction coefficient (k) of the medium is zero.

However, when the same electromagnetic wave advances into a light absorbing medium, the
phenomenon cannot be completely explained without the introduction of the extinction
coefficient.

In Figure 2.1 d), the initial wavelength reduces to A/n and the amplitude Eo decays

exponentially as a function of exp( 27k

) along the direction of the wave propagation, x-axis

in this case. As Fujiwara [2] noted, spectroscopic ellipsometry offers a very high precision
allowing a reliable thickness measurement of up to 5d,.

Penetration depth (d,) is the distance up to which an electromagnetic wave of light advancing

. . 1 . .. :
into the material reduces to — , about 36.8% of its original value at the surface of the material.
e

At this point, ad =1

Where,

‘o’ and ‘d’ are the absorption coefficient of media and the distance from the surface (now the
penetration depth, dp) respectively.

Therefore, the refractive index (n) and the extinction coefficient (k) of a material are significant
parameters in ellipsometric material characterization. Figures 2.1. a) and b) respectively
illustrate a typical relation of n and k for a crystalline silicon as a function of the
electromagnetic wavelength and the corresponding dependence of p-and s-reflectance

components on the angle of incidence.
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Figure 2.1. Relation between refractive index and extinction coefficient of a medium

a). Refractive index and extinction coefficient versus wavelength for a crystalline Silicon
[48] [49].
b). Reflectance (Rp: blue curve, Rs: red curve) for a crystalline silicon versus an angle of
incidence [48].
c). Propagation of electromagnetic waves in a transparent medium, where k=0

d). Propagation of electromagnetic waves in a light-absorbing medium, where k > 0 [2].

Notice that, Reflectance(R) is the intensity ratio of the reflected light to the incident light,
which are going to be discussed in details latter.

When a linearly polarized light obliquely incidents on a sample surface and a relative change
in polarization state takes place, it is characterized by two components depending on the
oscillation of its electric field orientation: the p-polarized and the s-polarized light. As shown
in Figure 2.2, the p-polarized light is the one, whose electric field component's incident and
reflected waves oscillate on the plane of incidence, a plane normal to the surface of the sample.
In contrast, the s-polarized light electric field component oscillates normal to the plane of

incidence.
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Figure 2.2. Elliptical polarization of a measurement beam [2].

Ellipsometry measures the amplitude ratio, tan (y), and the phase difference, delta (A),
between the p-polarizations and the s-polarizations [1], which depend on the wavelength of
the light beam (1) and the angle of incidence of the beam (0) with respect to the normal surface
of the sample, respectively. See Figure 2.2.
In case of simplified structures, the refractive index (n) characterizes the amplitude ratio,
where as extinction coefficient (k) determines the phase difference that represents light
absorption [1].
In case of light reflection, the measured amplitude ratio tan () and phase difference (A) from
ellipsometry are defined from the ratio of the amplitude reflection coefficients for p- and s-
polarizations.
In ellipsometry the angle of incidence (0o) is usually set at the Brewster angle [2]. The
Brewster angle (0g) is the angle of incidence at which the reflection of p-polarized light is
theoretically zero at the interface between two non-absorbing dielectric media.
Brewster's Law: For reflection between two transparent, non-absorbing dielectric media with
refractive indices n; and n2, the Brewster angle 0p is related as,

tan s = (1)

n2

The angle of incidence is typically chosen to be close to the Brewster angle of the substrate to
attain mainly maximum sensitivity and optimal measurement [2].
Note that:
Maximum Sensitivity: The difference between the reflected amplitudes of the p-polarized (rp)

and s-polarized (1) light is maximized near Og.
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Optimal Measurement: This maximum difference leads to the largest change in the
ellipsometric parameters (y and A), which in turn provides the greatest sensitivity for

determining the thickness and optical constants of a thin film deposited on that substrate.

The schematic diagram for the optical interference in an ambient/thin film/substrate optical

model is given below.

Ny Air % - ’D/,? N

N, | Thin film 0\ d

N, | Substrate 0, \

Figure 2.3. The schematic diagram for the optical interference in an ambient/thin film/substrate

optical model [1].

In figure 2.3., B, is the angle of incidence in the air medium (No), where as 0 and 0; are the
transmission angles in the thin film (N1) and substrate media (N»), respectively. These angles
are related by the Snell's law,

n; sin 9]' = 1 sin G« (2)

In case of complex refractive indices, Snell's law becomes,

N;sin @; = Nisin 6« 3)

Where, N=n-ikK | (4)
N represents the complex refractive index of a given medium and the imaginary number,

i=+-1.

Note that for perfectly transparent materials (non-absorbing films) where the extinction
coefficient k=0, equation (3) reduces to equation (2) [52].
In equation 3, Nj and Ny are complex refractive indices of the jh and k™ layer in the formulated

optical model, with their corresponding angles 6; and 0x, now complex numbers, respectively.
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For example, for the air/thin film analysis in figure 2.3, the subscripts j=0 and k=1.

In case of the thin film/substrate, j=1 and k=2.

For a demonstration, the relation between the refractive index (n) and the extinction coefficient
(k) versus wavelength (um), for a crystalline silicon sample is depicted in Figure 2.1. a), from
the D. E. Aspnes and A. A. Studna dielectric functions and optical parameters of materials
database [49].

For a given wavelength of light (1), the extinction coefficient (k) of a material is also related
to its absorption coefficient () , a physical measure that describes how quickly light intensity

is attenuated in a material, where;

drk
o=—

B ©)

The absorption coefficient is often used to describe the exponential decay of an incident light
intensity I into a material. The transmitted light intensity I, after travelling a distance of, x,

in the given medium is given as,
I(x) = Ioexp™*" (6)

The above equation is called the General Attenuation Law or the Bouguer—Lambert Law.
Equation 6 is graphically represented in figure 2.1 d), recalling that the electric intensity (I) is
directly proportional to the square of the associated electric field amplitude (E) in the given

medium.

For conducting materials, the relation between the complex refractive index (N) complex

dielectric constant (€) is given by Maxwell’s equations and is given as,

N’=¢ (7)
Giventhat, & =&1—10&2 (8)
After combining equations 7 and 8 and some mathematical manipulations, these parameters

can explicitly be expressed as follows,

g=n" -k 9)

g, =2nk (10)
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n= {|:81 + (521 +&?, )1/2}/2}1/2 (11)

k= {[—51 (e +g22)”}/2}1/2 (12)

It should be noted that the complex dielectric function € of a material defines the overall
response of the material to an electric field, and the relationship between the complex dielectric
functions, &1 and &, is governed by the fundamental Kramers-Kronig (KK) equations [2].

Any analytical dispersion model used to fit the SE data (such as Tauc-Lorentz, Drude) must
be intrinsically Kramers-Kronig consistent because €1 can be calculated from &, (and vice-
versa). This consistency provides a crucial constraint, guaranteeing that the final extracted

parameters are physically feasible [54].

The dispersion (or polarizability) of the material is represented by the real part €. It explains
how the material stores energy from the electric field, which controls the phase velocity of
light in the medium and is strongly correlated with the refractive index (n).

On the other hand, the absorption (or dissipation) of energy from the electric field is
represented by the imaginary part €. For ideal transparent materials, €2 is zero and it is

proportional to the extinction coefficient (k).

In case of optical interference in different media, like the one in figure 2.3, an ambient/thin

film/substrate optical model, the phenomenon can be well explained by the Fresnel's equations.

The Fresnel's equations are given as,

__ Nycos6j— NjcosOy __ NjcosBj— NycosOy
Tikp = N o0t Nicost, 1155 = N.coso,+ Necosor (13)
NycosOj+ NjcosOy NjcosOj+ NycosOy
2Njcos0; 2Njcos0;
— J J — J J
Likp = N cos0.+ Ncostr %S = Ncoso.+ Nicosor (14)
NycosOj+ NjcosOy NjcosOj+ NycosOy
Where,

1p and 1 are the reflection coefficients for p-polarized light and s-polarized light respectively.

N is the complex refractive index of a given medium.

‘r’ and ‘t’ are the complex reflection coefficient and complex transmission coefficient
respectively, for each p- and s-polarized lights

‘> and ‘k’ subscripts represent corresponding parameter values in case of air, thin film or

substrate reflection or transmission of the light.
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‘0;” and ‘O are the angle of incidence and angle of transmission respectively .
Besides, for each p and s-polarized lights, the relation between the reflectances (R, and Ry)

and the reflection coefficients (rp and rs) are given as follows,

Ro= (1) i R = (1) »

The ratio of the amplitude reflection coefficients for p- and s-polarizations, 1, and 15
respectively, define the measured ellipsometric angles, the amplitude ratio and the phase
difference. They are related as,

p = tan(¥)exp(id) = :—" (16)
s
Equation 16 is often called the fundamental equation of spectroscopic ellipsometry.

In case of light transmission, the relation is given as,

p = tan(¥W)exp(id) = i—p (17)

Where,
p (rho) is the complex refraction ratio
tan (y) and A (delta) ,often called ellipsometric angles, represent the amplitude ratio and the

phase difference of the measurement beam respectively.

As previously stated, SE technique is an indirect measurement optical technique that measures
the change in the polarization state of the measurement beam. Accordingly, the measured
ellipsometric values, Wexp and Acxp do not directly give the required parameters of interest like
the thin film thickness, roughness or the materials optical constant (n, k). In parallel to this, the
theoretical ellipsometer values Wca and A ca, computed mainly from the Fresnel’s equations in
relation to the constructed structural and optical model, do not give the parameters of interest
either. It is after some regression computer algorithm analysis of these combined two data sets,
iteratively adjusts the model parameters (the "fit parameters") to minimize the difference
between the experimental data and the theoretical data [55].

The mean square error assesses the goodness of fit between the model-generated data and the
experimentally measured data over the entire range of wavelengths and angles of incidence.
The optimization process involves iteratively adjusting the model's unknown parameters vary
until the minimum MSE is achieved.

The most common widely used form of the MSE is given below [56].

19



ex cale A exp A cale
i i i

Py ()] (18)

v.i Ai

| R N V7
MSE = :
IN-M ;[( o7

Where,

N Number of experimental data points (the total number of measured pairs (¥, A) across all
wavelengths and angles).

M Number of variable model parameters (The values the regression adjusts, such as layer
thicknesses, band gap energies, etc.).

i Index for each measurement point (each wavelength/angle combination).
¥iP and AP  Experimental (measured) ellipsometric values at the i point.

Picdle and A calculated (model generated) ellipsometric values at at the i point.

ow, andc a; Standard deviation (experimental error) of the measured ¥ and A at the i
point.

1
2M — N
degrees of freedom (M). This makes the MSE an unbiased estimate of the variance.

Normalization Factor that accounts for the number of data points (2N) and the

The inclusion of the standard deviations (o values) in the denominator is critical. This means
that a deviation between the model and experiment is weighted less if the experimental
measurement at that point was less precise (in case of a larger ¢). This gives a statistically

rigorous measure of the fit quality.

A "good" MSE value is usually close to 1.0, especially when using the normalized form above,
that indicates the differences between the model-generated and experimental data are

approximately equal to the expected experimental error.

During MSE iteration, is good to give the best guess of an initial values, like thin film
thickness, and manually scan the result of the MSE values. Sometimes, the MSE estimator
algorithm sees that any small step away from a local minimum results in a higher MSE and

stops without finding the global minimum.

Briefly, a local minimum is any other low point on the surface (a "valley") that is lower than
the surrounding area, but not the lowest point overall. It represents a mathematically plausible,

but physically incorrect solution. In contrast, the global minimum is the absolute lowest point
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on this entire surface. It represents the true physical solution, the combination of thickness and

properties that most accurately describes your sample.

Generally, physically unrealistic or very high MSE values may rise from inaccurate measured
ellipsometric spectra, dielectric functions, optical model or a depolarization effect in the

sample [2].
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3. Literature Review

3.1. Ellipsometry - Spectroscopic ellipsometry theory and instrumentation

The development of photovoltaics, display technologies, semiconductor production, and
protective coatings is made possible by thin films, which constitute the foundation of
contemporary technology. The lateral homogeneity of the film's thickness, composition, and
morphology over sometimes meter-sized surfaces is a crucial component in the performance
and yield of these applications. Petrik and Fried [11] point out that scaling-up conventional
thin film measuring methods to describe these vast surfaces is a major problem that necessitates

a redesign in order to achieve high-speed, non-destructive, and in-line capable configurations.

In-depth thin-film characterization techniques based on sputtering depth profiling, complex
modelling based on nondestructively measured whole-depth data, or destructive and time-
consuming cross-section preparation are all sufficiently developed to only need minor
adjustments and enhancements for new tasks like imaging or mapping on small or large area
mapping. Only a few number of those techniques are able to gather the quantity of data required
for big area measurements in a reasonable length of time due to inherent characteristics. A
study conducted by Abou-Ras et. al. [15], shows the comparison between different collective
techniques used during thin-film characterizations, as briefly discussed below.

1). depth-profiling by sputtering (e.g., secondary ion mass spectrometry [SIMS], secondary
neutral mass spectrometry [SNMS], X-ray photoelectron spectrometry [ XPS], Auger electron
spectrometry [AES], glow-discharge optical emission spectrometry [GD-OES], glow-
discharge mass spectrometry [ GD-MS], Raman depth profiling)

i1). non-destructive techniques (e.g., spectroscopic ellipsometry [SE], Rutherford
backscattering spectrometry [RBS], elastic recoil detection analysis [ERDA], X-ray diffraction
[XRD], angle-dependent X-ray emission spectroscopy [AXES]), and

iii). Cross-section micro (Nano) mapping (e.g., transmission electron microscopy [TEM],
its combination with energy dispersive X-ray analysis [EDX], scanning Auger electron
microscopy, Raman mapping, time of flight SIMS [TOF-SIMS]).
Sputtering-based depth-profiling and cross-sectional methods require a long measurement
time and tedious sample preparation; therefore, they are not capable of large area mapping.
Non-destructive methods such as SE, RBS, ERDA, and AXES require a few minutes or even

a few times ten minutes for taking a spectrum at one spot. However, the measurement time of
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some optical configurations can be reduced to even a few seconds per spot, or a few minutes
for a completely mapped or imaged area if using simultanecous measurements at all illuminated

lateral positions.

3.2. Mapping - Imaging Ellipsometry

The established industrial method, as detailed by Petrik and Fried [11], involves moving the
ellipsometer's source and detector units in a specular reflection configuration over the surface,
or moving the substrate itself in a roll-to-roll (RtR) process. This point-by-point approach is
robust and widely used, for instance, in optimizing photovoltaic panels by mapping the
thickness and bandgap of multilayer structures like CdS/CdTe, see Figure 3.2. The drawback
is that measurement time scales directly with the number of points; characterizing a large panel
with thousands of points can take hours, making it less ideal for high-throughput production

environments.

3.2.1. Large area Scanning or Mapping

As previously briefly stated, the Semilab FPT (Flat Panel Testing) system [40] and the
Woollam AccuMap are both industrial systems designed to support large-area thin film
metrology but in a different industrial ranges.

The Semilab FPT series, like FPT-500, FPT- 600, FPT-800, are explicitly designed for large
area thin films mapping across wafers, glass substrates and photovoltaic panels.

These Semilab FPT system combines mainly spectroscopic ellipsometry, reflectometry,
optical profilometry and sheet resistance mapping, enabling the system to full-area
uniformity analysis of optical and physical properties of thin films. Large area PV coatings,
up to a meter-scale, and semiconductor thin films can be studied using these system tools.
The J.A. Wollam AccuMap systems in contrast focuses in higher speed mechanical scanning
on large-area ellipsometric and reflectometric mapping techniques. It focuses mostly on
wafer-scale like large glass substrates but on a relatively smaller mapping area scale,
compared to that of the Semilap FPT systems.

[41].During conventional ellipsometric mapping, data collection is relatively slow and uses
a small scanned spot. We know two industrial systems which are capable of measuring big

(square-meter size) samples: the Semilab FPT system [40] and the Woollam AccuMap [41].
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Figure 3.1. AccuMap SE (Left ) and Semi-lab FPT system (Right)

Both systems use a “traditional” SE device (100k USD price) in special big moving/scanning
systems, measuring the big samples point by point. The Woollam brochure states that “Data
Acquisition Rate: <6 s per point (includes time for movement to new point, automated
alignment, and data collection)” so it can measure one big area during several 10 minutes.

As previously mentioned, ellipsometry determines angle of incidence dependent relative
amplitude ratios and phase difference shifts of orthogonal electric field components typically
defined as parallel and perpendicular to the plane of incidence upon specular reflection of
light from a planar surface. [2] Thus, collimated light beams are conventionally used with a
well-defined angle of incidence at the reflecting surface. An established method for large-
area mapping has been to move both the source and detector units of an ellipsometer in a
specular reflection configuration over the surface. This is a widely used standard method for
measuring large panels (e.g., solar or display with sizes even over meters) in industrial
projects [42][43]. When measuring in a roll-to-roll (RtR) configuration, the movement of the
substrate can also be used as a means of moving the spot on the surface [16]. A typical
application of point-by-point mapping is photovoltaic (PV) because the quality of panels is
largely dependent on the lateral uniformity. Razooqi Alaani et. al. [17] showed an example
of PV optimization by mapping using the CdS/CdSe/CdTe multilayer structure Figure 3.2(a—
d) and Figure 3.3 (a-d). The goal was to optimize the performance of the devices by
correlating cell parameters with these two effective thicknesses. Measuring one point does
not take more than a few seconds even using spectroscopy; however, it adds up to tens of

minutes when measuring hundreds of points.

24



(@)

CdSe bulk layer thickness (nm)

= . o E
S 14 e 214
= | oy
2.0 . 77 20
D | ‘@ |
8-_1 85 8__1 4}
> 2 l 93 > _o |l

3 101 3

3 -2 1 0 1 3
X-position (cm)

(c) CdSe effective thickness (nm) (d)

3 = :
T 2 3
& 2
c 14f c
.o : o
3 0 =
o 1 o
-1 £
> >

-2

<3 \

3 2 1 0 1
X-position (cm)

Figure 3.2. Maps over an area of 6.5 cm x 6.5 cm for a CdSe calibration film with an intended effective

(b) CdSe surface roughness thickness (nm)

.............

.....

3 -2 1 0 1 2 3
X-position (cm)

CdSe bandgap (eV)
e _

3 2 1 0 1 2 3
X-position (cm)
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(a) pen-circuit voltage Voc, (b) short-circuit current density Jsc, (c) fill-factor (FF) and

(d) efficiency for solar cells fabricated with maximum CdS effective thicknesses of 65nm and 100
nm and a maximum CdSe thickness of 175 nm.
The low thickness range of the data set for 100 nm CdS overlaps with the maximum

thicknesses of the data set for the 65 nm CdS [17].

3.2.2. Small Area Scanning or Mapping

Dynamic Imaging Micro-ellipsometry (DIM) is a rapid, high-resolution, full-field
mapping/imaging ellipsometric technique [18] which uses focused monochromatic (laser)
light to achieve high lateral resolution. The basic approach of combining an optical system
derived from conventional ellipsometry with video and image processing has been retained.
The DIM system can use a Polarizer, Compensator, Specimen, and Analyzer (PCSA) optical
system or a Polarizer, Half-wave plate, Specimen, Compensator, and Analyzer (PHSCA)
configuration. The polarization rotation is usually under direct computer control, enabling
automated operation that greatly facilitates statistical analysis of the instrument’s response.
A special measuring technique is Fourier scatterometry [19], when a focused spot is created
by a high numerical aperture (NA) microscope objective (MO), and the scattered illumination
is collected by the same MO. In this configuration, each point of the back focal plane of the
MO is uniquely related to a given reflection and azimuth angle. Fourier scatterometry allows
the measurement of small and weakly reflecting samples over a wide range of reflection
angles. Using high-NA MOs, the angles of reflection cover the range from 0 to over 70 (72
for NA=0.95), and the distance of the objective is only several hundred wavelengths from
the sample surface. The whole back focal plane image that includes the response of the
sample at all conical angles can be recorded within less than a second.

By using coherent illumination and a scanning focused spot, the phase can be modulated and
the phase difference between the overlapping orders can be determined [20], increasing the
sensitivity as compared to phase-insensitive incoherent Fourier scatterometry. A further
advantage of the coherent illumination is that the size of the focused spot is much smaller
(below one micron in the visible wavelength range). The performance of coherent Fourier
scatterometry can further be increased by combining it with interferometry [21]. Using
interferometry, the complete scattering matrix is evaluated. The absolute phase distribution
of the diffracted orders is retrieved using a known reference beam. The ellipsometric

approach can be considered as a variation of the interferometric method, in which the
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reference beam for one polarization is that of the orthogonal polarization about the plane of

incidence.
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Figure 3.3. (a) Setup of ellipsometric Fourier scatterometry. (b) Intensity signal at an arbitrary pixel of

the CCD as a function of polarizer rotation at the output side [22].

Figure 3.3 illustrates an extension of Fourier scatterometry, aiming at increasing the
sensitivity by measuring the phase difference between the reflections polarized parallel and
perpendicular to the plane of incidence. The ellipsometric approach requires no addition-al
hardware elements compared with conventional Fourier scatterometry. Furthermore,
incoherent illumination is also sufficient, which enables spectroscopy using standard low-
cost light sources [22]. The advantages of ellipsometry over other approaches are that a
simple hardware can be used, there is no need to measure the input wave front parameters,
incoherent illumination is sufficient, enabling the use of spectroscopy with conventional light

sources.

3.2.3. Large Area Imaging

Although micro-imaging ellipsometry is a well-established technique [23-25], so far much
fewer efforts have been made for large-area imaging of thin films. Our Laboratory proposed
a divergent light source configuration for large-area imaging [26]. Using this arrangement, the
surface is illuminated from a divergent point source, and the reflection from the measured
surface is imaged by a spherical or parabolic mirror and correction optics to a charge-coupled

device (CCD). All the pixels on the CCD correspond to one point of the sample surface. The
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modulation of the polarization creates a periodic variation of the intensity in each pixel, from
which the map of (¥, A) pairs can be determined at the given wavelength of illumination.
Spectroscopic macro-imaging ellipsometry can only be realized in this configuration by
measuring maps at different wavelengths one by one.

The “pinhole version” of this kind of instrument uses an illumination by an almost diffuse,
“divergent beam” of light that provides a collection of rays with diverse angles of incidence at
every point of the sample. Precise “angle-selection” is performed on the detector side by a
pinhole camera (Fig. 3.4). The pinhole works as an “angle-of-incidence filter,” selecting only
one light beam from every direction (or sample position) [27-29].

The arrangement of divergent light source ellipsometry [10] can be seen in Fig. 3.4, where the
white light source, narrow rectangular aperture, compensator and film polarizer make a single
set (indicated from 1-4 respectively ) , spherical mirror(5), sample (6), then the cylindrical
mirror-corrected beam, analyzer, pinhole and correction—dispersion optics (indicated from 7-
10 respectively) form another single set with a separate CCD detector array (11).
Spectroscopy can also be realized by measuring along a single line using the second dimension
of the CCD as the spectroscopic direction, whenever there is a possibility of moving the
substrate. Here, each point of a line can be measured simultaneously in a spectroscopic way.
By moving the sample, a 2D map is created, in which each point includes a spectroscopic

measurement [30].

Spherica)

Mirror

Detector
unit

Figure 3.4.Picture (left), and Schematics (right) of the large area-imaging tool using a divergent light
source.

(1) “White” light source, (2) narrow, rectangular aperture, (3) film-polarizer, (4) compensator,
(5) spherical mirror (6) sample, (7) cylindrical mirror, corrected beam, (8) analyzer, (9) pinhole,

(10) correction-dispersion optics, (11) CCD detector array [10].
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As shown in Figure 3.5 and 3.6, several prototype expanded-beam spectroscopic
ellipsometers have been developed that use uncollimated (non-parallel, diffuse) illumination
with a detection system consisting of an angle-of-incidence-sensitive, pinhole camera for

high-speed, large-area imaging/mapping applications [31].

Figure 4. Large area imaging tool prototype for 450-600 mm sample size [31].

Notice that there is a robotic arm at the left side of the above imaging device photo.

3.2.3.1. Roll-to-Roll thin film photovoltaics-like sample

A 15-cm sample-size expanded-beam spectroscopic ellipsometer was applied for in-situ,

high-speed imaging/mapping analysis of large area spatial uniformity for multilayer-coated

substrates in Roll-to-Roll (RtR) thin film photovoltaics (PV) [30].
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The instrument allows for imaging width-wise and mapping length-wise for uniformity
evaluation at the high linear substrate speeds required for real-time, in-situ, and on-line
analysis in RtR thin film PV: Ag, ZnO, and n-type hydrogenated amorphous silicon (a-Si:H)
layers of an a-Si:H n-i-p structure deposited on a flexible polyimide substrate in the RtR
configuration. Prototype for 150 mm sample-size, located within the Center for Photovoltaics
Innovation and Commercialization at University of Toledo (Ohio).

Spectroscopic ellipsometry data across a line image was collected as the substrate was
translated by a roll-to-roll mechanism. A coated area of 45 cm x 12 cm was analyzed in this
study for layer thickness and optical properties by applying the appropriate analytical models
for the complex dielectric functions of the Ag, ZnO and n-type Si:H layers [30].

n-type a-Si:H Layer

ol ' ' 'MSE=1076 4220
dg=2.2+0.5nm {200
28.7 +0.5nm] 180

dp=,

%

ntypeSiH = Cody-Lorentz

200l ) ™~ Selimeier+CP
Ag

Ol B W
1.0 15 20 25 3.0 3.5

Photon Energy (eV)

Figure 5. Expanded-beam ellipsometer multi-chamber cluster tool for in situ analysis (Left), a ZnO
layer deposited by magnetron sputtering onto Ag-covered plastic foil in a cassette roll-to-roll model

machine (center) and n-type a-Si: H layer best fit (right).
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Figure 6.8. Thickness map for ZnO (left), the band gap critical point energy map for ZnO
(center) and thickness map for n-type a-Si:H (right).

This tool is located within the Center for Photovoltaics Innovation and Commercialization University

of Toledo (Ohio) and can measure a sample size of up to 150 mm.
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Figure 3.7 shows the prototype that was integrated into a multi-chamber cluster tool for in-
situ analysis and example of best fit (lines) to experimental (y, A) spectra (points) at a single
point (Cody-Lorentz expression for the n-layer complex dielectric function) [30].

Map of the layer thickness, for ZnO, map of the band gap critical point energy for ZnO, and
thickness map for n-type a-Si: H are shown in figure 3.8.

A prototype for 150 mm sample-size, located within the Center for Photovoltaics Innovation
and Commercialization at University of Toledo (Ohio), has been integrated into a multi-
chamber cluster tool for in-situ analysis. After a new layer deposition step the cassette roll-
to-roll model machine (right picture) was moved back to the measuring chamber (without
breaking the vacuum) and was measured again by the expanded beam mapping SE [30].

An a-Si/Zn0O/Ag/plastic-foil structure was measured in two steps. First, the ZnO-layer was
deposited onto the RtR sample and was measured. Second, the whole layer structure (after
the a-Si deposition) the cassette roll-to-roll model machine was moved back to the measuring
chamber (without breaking the vacuum) and measured again by the expanded beam mapping
SE (Figure 3.7).

The speed of the measurement system makes the instrument suitable for use on production
lines. The precision enables the detection of sub-nm thicknesses, and refractive index and
extinction coefficient changes of 0.01. Alternative commercial instruments for SE mapping
must translate the sample in two dimensions. Even a 15x15 ¢cm2 sample with cm-resolution
requires >200 measurements and at least 15 min. By imaging along one dimension in parallel,

the expanded-beam system can measure with similar resolution in 1-2 min.

3.2.4. Small area Imaging

The first microscopic imaging ellipsometer which was constructed and published first in
1988. This imaging ellipsometer uses a CCD camera as a detector integrated with a frame
grabber board in a PC [32].

One interesting application is micro-mechanically exfoliated mono- and multilayers of
molybdenum disulfide (MoS») investigation by spectroscopic imaging ellipsometry, see Fig.
3.9. The complex dielectric functions from single and triple layers MoS; were determined,
and the lateral homogeneity of the complex dielectric function for monolayer MoS, was
investigated with a spatial resolution of 2 pm. Only minor fluctuations were observed, which
could be caused by lateral modification in the van der Waals interaction caused by the

preparation [33].
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Figure 7. Small area imaging tool ellipsometry setup using a collimated light source [33].
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Figure 8. Beam cutter alignment between light source and sample, optional [33].

The polarizer-compensator-sample-analyzer configuration for the reflected light was used
and the sample is illuminated by collimated light. The additional lens system between sample
and analyzer allows imaging with micrometer resolution. The lateral resolution is only
limited by the optical system on the detector side, defined by the lens system and the CCD-
camera; see Figure 3.10. The optional beam cutter alignment between light source and sample
utilizing a knife-edge suppresses effectively signal from reflections stemming from the
backside of the transparent substrates. The picture on the right displays a large area view of
the imaging ellipsometry contrast picture taken of a MoS; flake on double-sided polished
sapphire using the beam cutter. In the dark region on top, the incoming light is blocked. In

the middle area, reflections from the backside are selectively blocked with a sharp image of
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the MoS; flake and silicon alignment marker, while the lower part shows a blurred image of
the MoS:; flake that is a reflection from the flake on the backside of the substrate (scale bar

denotes 50 um).
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4. Research Instrumentation and Methodology

4.1. Instrumentation and Experimental Setup
The Woollam M-2000DI rotating compensator spectroscopic ellipsometer is an optical
mapping tool, upgraded to NIR (near infrared radiation), with a perfect combination of speed
and accuracy. Measurements covering the entire spectral range from deep ultraviolet to near
infrared are accomplished in seconds—making the M-2000 DI ideal for a large range of
applications like quick quality control, real-time process monitoring and in situ control,
uniformity mapping, and much more.

The Woollam M-2000DI ellipsometer is used with a perfect combination of speed and

accuracy, as a control measurement, refer figure 4.1.

M2000DI Ellipsometer general Specifications:

Wavelength range of 191-1690 nm, corresponding to photon energies of 0.7-6.5
eV.

Automatic scan over 15x15 cm area, with a micro-focused (ca. 0.2 mm) spot.
Angle of incidence: 45-90 degree.

Measurement time 1 sec per spot.

Bandwidth about 10nm (NIR) with a rotation rate of 20Hz [39].

Figure 9 M2000DI J.A. Woollam Ellipsometer [58].

The J.A. Woollam Spectroscopic Ellipsometer (SE) system with the CompleteEase software

installed is used to give out a very rich information about the optical properties, layer
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thicknesses and other related parameters of the sample, after a careful and detailed data
analysis.

The optical constants of a given sample may include the refractive index (n), the extinction
coefficient (k), dielectric function and absorption coefficient ().

Similar measurements will help the calibration of the optical mapping tool prototype.

4.1.1. Prototype building using different parts

The original concept of the divergent beam-imaging device, Figure 4.2 below, consists of
1). Light-source (LED-panel) 2). Diffuser sheet
3). Film-polarizer 4). Analyzer

5). Detector (pin-hole + CCD-detector) 6). A Sample

Figure 10 Original concepts of the non-collimated beam elii.p.s.(.ﬁneter

The new concept of the optical mapping tool prototype is without the polarizers, which is going

to be discussed next, in the experimental setup section.

4.1.2. Experimental Setup

The new concept of the non-collimated beam ellipsometer prototype is set up as shown in

Figure 4.3 and Figure 4.4.

e Light source: LCD TV, serving as a polarized RGB color light source (built-in polarizer
sheet) is used, ‘C’ in Fig. 4.4 and ‘1-4’ as a single set, in Fig. 4.3.
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e Sampling: usually, different type of thin films samples, for example silicon dioxide on
silicon wafer, ‘B’ in Fig. 4.4 and 5 and 6 in Fig. 4.3 (Sample and Sample holder

respectively).

e Detection System: A polarization sensitive camera behind a pinhole, 0.2mm in diameter,
is used. The polarization sensitive camera sensor serves the polarization state data from
each position (plus three RGB colors in each position), ‘A’ in Fig. 4.4 and 7 and 8 in Fig.

4.3 (Pinhole and a polarization Camera sensor respectively).

The actual physical photograph experimental set up in our laboratory is shown in figure 4.4.

LCD Monitor

(Side View) Polarization-Sensitive
Camera

Figure 11 Schematic diagram of the non-collimated beam ellipsometer experimental setup

(Optical mapping tool from inexpensive parts).
1). Light source  2). Vertical polarizer 3). Liquid crystal cell ~ 4). Horizontal polarizer

5). Sample 6). Sample holder 7). Pin hole (sub-mm size) 8). Camera sensor
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Figure 12 Experimental setup demonstration

A. Polarization sensitive camera B. Sample and Sample holder

C. LCD monitor (Dell UltraSharp™ U2412M, GB-LED, rotated into 45° position)

Our optical mapping tool consists of a polarization sensitive camera (The Imaging Source
Company’s DYK 33UX250 USB 3.0 Polarsens camera, a 2/3 inch Sony CMOS Pregius
Polarsens sensor of model IMX250MYR Integrated with 4-Directional Wire Grid Polarizer
Array) with a pinhole of sub-mm size in front of it. Besides, a Sample holder and an LCD
monitor (Dell UltraSharp™ U2412M, GB-LED) as a light source for illumination of the

selected sample. Detailed images are shown in the figure below.

a=0 a=135

/

a=45 =90

a) b) <) d)

Figure 13. Schematic structure of a 2/3 inch Sony CMOS Pregius Polarsens sensor (IMX250MYR)
[59].

a). Polarization sensitive camera b). Camera sensor
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¢). Polarizer array matched to detector pixels and
d). Unit cell (Super-pixel), 2x2 pixel photodiodes

As shown in Figure 4.5 d), a super-pixel is a set of four neighboring pixels, each with different

polarizer orientations, 0°, 45°, 90° and 135° [60].

Details on the specifications of the DYK 33UX250 USB 3.0 PolarSens camera is provided in
Table 1, appendix.

Notice that, our optical mapping ellipsometer emits a non-collimated beam from the monitor
screen as a source of light, despite most conventional ellipsometers usage of collimated light
beams with a well-defined angle of incidence. Our arrangement shows similarity to the
solution of Bakker et al [37], using a computer screen as a light source and a webcam as a
detector in an imaging off-null ellipsometer. It is a noteworthy to mention that the basis of the

work is a patent from our Institute, Horvath Z Gy et. al. [26].

The non-collimated beam ellipsometer set up is shown in Figure 4.3. An LCD -LED monitor
serves the polarized RGB colored light, see the built-in polarizer sheet, number 4 in Fig. 4.3
and a polarization sensitive camera behind a pinhole (7&S8) together.

In our large area mapping tool setup, the LCD-LED monitor ( Dell UltraSharp U2412M, GB-
LED backlight) is mechanically oriented at 45° relative to the sample plane. The alignment is
measured using a digital angle gauge with a precision of 0.1°. When the LCD polarization axis
is aligned in a straight-through configuration relative to the Polarsens (Sony IMX250MZR)
polarization-sensitive camera, we can detect the extinction of the polarization sensitive camera

better than 1072,

When the LCD monitor is rotated to a position where its output polarization is aligned parallel
to the camera’s analyzer direction, the detected intensity ideally reaches a minimum
(extinction). In a perfect polarizer—analyzer pair, this would yield zero throughput.

The figure below shows the extinction ratio (ER) versus the wavelength of light, for the 2/3
inch Sony CMOS Pregius Polarsens sensor (IMX250MZR/ IMX253MZR/IMX264MYR)

polarization sensitive camera. The IMX250MZR sensor was used in our experiment assembly.
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Figure 4.6. Extinction ratio versus wavelength of the 2/3 inch Sony CMOS Pregius Polarsens sensors.

(https://www.sony-semicon.com/en/products/is/industry/polarization.html)

In our experiment setup, the minimum and maximum wavelengths of light are 450nm (Blue)

and 650nm (Red).
From the graph above, 450 nm corresponds to ~ 415 ER ~ 2.41x10-3 extinction and
650 nm corresponds to ~ 130 ER ~ 7.7x107 extinction.

According to the above extinction ranges, an extinction better than 10~ can be detected from

the polarization sensitive camera, IMX250MZR sensor, which is within the detectable range.

During their calibration work of the polarization image IMX250MZR sensor, Connor Lane et.
al. found that the polarization measurements of the camera with blue-green light are generally
more precise than with the red light, as the extinction ratio of the sensor is about three times
higher for these shorter wavelengths, blue and green light [60]. The accuracy and stability of
the collected polarization data are direct consequences of the camera sensor's extinction ratio.
The lower the extinction ratio and the inconsistency of the polarizer, the less becomes the
accuracy of the measurement [65]. The extinction ratio of polarization image sensor is the ratio
of the sensitivity of transmission axis light to the sensitivity of extinction axis light. A shorter
distance between the polarizer and the photodiode improves the extinction ratio and the

incident angle dependence.
[https://www.sony-semicon.com/files/62/flyer_industry/IMX250 264 253MZR_MYR_Flyer_en.pdf]
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Figure 4.7. Quantum efficiency versus wavelength of the unit cell of the IMX250MYR camera
sensor

https://d1d1c1tnh6i0t6.cloudfront.net/wp-content/uploads/2018/11/Going-Polarized-Presentation.pdf

The polarization sensitive camera sensor (The Imaging Source Company’s DYK 33UX250
USB 3.0 Polarsens camera, color polarization image sensor IMX250MYR equipped with four
on-chip four-azimuth polarizers ), serves the polarization state data, from 0, 45, 90, 135-degree
rotation positions and a three-color (RGB) Bayer arrangement micro color filter in each
position. IMX250MYR sensor is equipped with 2,448 x 2,048 PDs in total, which form 612 x
512 blocks ,as every single block is a matrix of a 16,(4x4), Photodiodes (PDs) [57].

G-colored filter can be detected in two regions (G1 and G2) in the same block, which have
almost similar spectral characteristics. This suggests that the rank of the spectral crosstalk
matrix is only three because it is practically a three-color sensor. Furthermore, although the
micro polarizer has four azimuths, the rank of the polarization crosstalk matrix is only three,
as per Malus’s law. Therefore, because the total ranks of the crosstalk matrix is maximum nine
(3 [polarization] x 3 [color]), the maximum number of bands that can be imaged with this
color polarization image sensor is nine [57].

Using the color polarization image sensor IMX250MYR, the observation image with 16
channels was obtained with the combination of four polarization azimuths and four colors (R,
G1, G2, and B; practically three colors) [57].

This arrangement is equal to a conventional static photometric rotating analyzer ellipsometer.
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The sample is illuminated by a non-collimated light through a fixed polarizer at an azimuth of
45 degrees to the plane of incidence. The reflected light passes through a virtual “rotating
analyzer” and the intensity is captured by a two-dimensional position sensitive photodetector

system at four different angular positions of the analyzer.

Minimum 3 different analyzer positions are required. These four polarization states (intensity)
data (at 0, 45, 90, 135-degree rotation positions) are enough (the fourth data is good to reduce
the error) to determine the ellipsometric angles: y and A. Our camera serves the data for 3
colors, so we have 3x2 measured y and A.

As part of our large area optical mapping tool configuration, there is a fixed 0.2mm diameter
pinhole in front of the polarization sensitive camera as shown in figure 3.3 in the experiment

setup.

The chosen pinhole diameter of 0.2 mm was not selected arbitrarily; it was determined through
a balance-of-constraints analysis between two competing requirements: lateral resolution and

detected optical intensity,based on a fundamental trade-off in optical systems.

In imaging ellipsometry, reducing the pinhole diameter improves lateral resolution because it
limits the cone of rays reaching the detector, but this simultaneously reduces the detected
intensity, which increases noise and lengthens the required acquisition time. Increasing the
pinhole size has the opposite effect: stronger signal but degraded spatial resolution due to
increased angular spread, and the angular cone small enough not to noticeably degrade lateral

resolution or angle-of-incidence fidelity.

0.2 mm Pinhole Diameter
Compromise between Detected Intensity
and Lateral Resolution

< L >

0.2 mm

Polarization- l¢ >
sensitive camera Lateral
resolution

Figure 4.8. Scheme illustrating the geometric spatial resolution of a pinhole camera
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The optimal pinhole size (Doptm) is the diameter that minimizes the total spot size (or blur

radius) of the light beam on the sensor plane.

A). Lateral resolution

Resolution in a pinhole system is limited by the larger of two spot sizes: geometric blur and
diffraction blur.
i). Geometric Blur (Rg.om ) Rays from a single object point hitting the sensor are spread

over a circle whose size is proportional to the pinhole diameter (D).

Rgeom x D (19)

ii). Diffraction Blur (R qirr): Light waves passing through the small aperture spread out
(Airy disk effect), proportional to the wavelength (1) and inversely proportional to the pinhole
diameter (D).

Rairec 1/ D (20)

The total blur is the combination of these two effects. The minimum total blur, and thus the
maximum resolution, occurs where the geometric blur size is approximately equal to the

diffraction blur size.

Where,

L is the effective optical path length, the distance from the pinhole to the sensor/detector plane,
and

A is wavelength of the light.

Note that, the 0.2 mm choice more or less satisfies the result of applying equation 3, in
association of the specific optical path length (L), roughly between 1.5cm and 2cm and

considering the central wavelength (A) of the light source.
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B). Detected Optical Intensity

The signal strength hitting the detector is determined by the amount of light that passes through
the aperture.

Detected Intensity (Lger) ¢ Area (or D?), lgerx D? (22)

A larger pinhole always yields a higher intensity, leading to a better Signal-to-Noise Ratio
(SNR). This is crucial for polarization measurements where the signal is split and often weak,

particularly during extinction measurements.

According to the equation 22, a 0.1mm pinhole diameter would provide four times less light
intensity and consequently needs longer time to reduce the noise but counterintuitively would
likely result in relatively worse overall resolution, because the image blur would be dominated
by diffraction, leading to much noisier, less sharp data.

The 0.2 mm pinhole is an appropriate pinhole diameter we used that meets our target lateral
resolution (i.e., before the geometric blur dominates), thereby maximizing the collected light
and SNR of our specific system. It is an appropriate compromise between the two opposing

blur effects while maximizing the necessary optical signal.

The monitor LCD-LED monitor used in this assembly, Figure 4.4, has an LED backlight
source and an LCD screen monitor, which produces a linearly polarized light, a core
requirement of the spectroscopic ellipsometry technique for the measurement of the change in

polarization state of the measurement beam.

It is noting worthy that not all commercially available monitors are useful for this technique.
For example, the standard OLED (organic light emitting devices) monitors cannot be directly

used as they inherently produce unpolarized light, or very weak polarized light, if any.

QLEDs (Quantum Dot LEDs) do not inherently produce a linearly polarized light, the output
of the QLED display is a linearly polarized as the LCD architecture always includes a front
polarizer, after passing through the LCD structure that modulates the quantum-dot backlight.

There are some ongoing research works that focus on specially designed OLEDs, like LP-

OLED (Linearly polarized OLEDs), to directly emit a linearly polarized light intrinsically,
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eliminating external polarizers, for various applications. One research demonstrates
incorporating a bi-functional meta-electrode constructed with an elliptical Nano-pillar array.
This meta-electrode simultaneously controls polarization and improves light extraction,
achieving a tunable polarization extinction ratio [63] and other similar research demonstrated
that highly polarized emission could be realized by utilizing materials with well-defined
molecular alignment and constructing a micro-cavity structure to amplify the polarized light

[64]. There are also other ongoing research on pol-less OLEDs (polarizer free OLEDs) too.

Research Materials

Silicon dioxide is one of the most studied materials and widely used in the semiconductor
industry, due to its huge abundance, affordability, and technological importance[24]. It has
many applications in microelectronics components like gate oxides, dynamic random access
memories, etc. While studying the inhomogeneity of SiO- thin films and photoresist layers by
spectroscopic ellipsometry, Rosu et. al. proved the homogeneity of the SiO> film to be a
maximum of 1% across the sample, qualifying it as a patterned large-area reference sample for
film thickness [24]. This makes SiO> (on silicon substrate) a key material in most of our
calibration methods.

Polysilicon is one of the most important materials for silicon-based electronic devices. It can
be used in the production of very large scale integrated (VLSI) devices. Doped polysilicon is
frequently utilized as resistors in static memory circuits, gate electrodes, and connection
materials [45].

It is crucial for silicon-based electronic device fabrication and monitoring processes, with
properties influenced by deposition processes and temperatures [45].A Transition from
amorphous to polysilicon occurs between 550°C and 595°C, affecting crystallinity,
morphology, and optical characteristics [46].

As B. Gruska conclusion notes, ellipsometry in the UV-visible and NIR spectra range is ideal
for measuring polysilicon films, both directly deposited on silicon and on SiO2 /Si, without a
sample reference requirement for calibration [45].

Note that, Polysilicon films are composite materials of crystalline and amorphous silicon, with

increased surface roughness correlating to greater film thickness.
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4.2. Data Collection and Processing Methods

The data collection in our research work is purely experimental.

When the ellipsometer device is set, and put the relevant sample at the sample holder, and
device is on and an automatic imaging ellipsometry takes place and the change in the
polarization state of the measurement beam are recorded in real time with a software linked
to the polarization sensitive camera installed in a computer. The polarization state intensity
data (see Fig. 4.5) from each position data is then exported into a separate storage, ready for
further analysis, as these data are not the direct parameters of interest. The tan (y) and cos (A)
values are calculated real-time from the polarization state intensity data, as defined previously.
Further data analysis is done using a homemade Matlab or Python software to reach to the
final stage of the parameters of interest, optical constants, angle of incidence, and thin film
thickness. MSE, mean square error, the discrepancy between the theoretical and experimental
values is calculated to know the precision of the device, in comparison to our conventional

ellipsometer in our laboratory, J. A Woollam M2000 DI ellipsometer.

4.3. Limitations and considerations
Despite the fast, large surface area sample analysis capability, stable and strong performance

of our optical mapping tools, some limitations are worth noting for considerations.

Generally, systemic errors in may emerge from the non-ideal LCD-LED monitor
polarization, £ 0.1° uncertainty of the digital angle gauge used to set the orientation of the
monitor at 45° with respect to the horizontal plane of the sample. Sony IMX250MYR Polarsens

sensor may also pose a minor error in the polarization beam measurement.

The dominant source of errors in our assembly is the non-ideal LCD monitor polarization.
Accordingly, the LCD-LED monitor calibration was carried out using a rho-correction method,
to correct the measurement errors that may rise from the imperfect optical designs, wavelength
dependent polarization light states and spatial non-uniformity of the LCD monitor. This

calibration method has been discussed in detail in the next chapter.

During the LCD/LED monitor fixation in our apparatus, a digital angle gauge with a 0.1° angle
uncertainty was used. This contributes to minor systematic errors in our experimental

measurements.

45



I have demonstrated this effect using a specifically written Matlab code simulation. I

considered an Air / SiO2/ Si optical model, which is often called the ellipsometry calibration

standard sample, using three wavelengths of light, Red (450nm), (Green) 550nm and Red (650

nm).

The simulation code quantifies the effect of the angle of incidence (Aol) uncertainty (+0.1°)

on amplitude ratio (), phase difference (A) and fitted thickness.

I have also deduced the standard deviation (std) and Mean thickness parameters.

RGB fit: SiO2 thickness vs AOI error (true = 40.0 nm)
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Figure 4.9. The simulation of fitted thickness and thickness error maps of 40, 60, 80 and 100nm

thick SiO,/Si samples.

As a demonstration, the simulation result of a nominal 60nm thick SiO> on Si wafer, the

perturbed data (angle gauge +0.1°) data is given below.
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Y, A sensitivity to Aol (RGB) at 60 = 70.00°, d = 60.0 nm
A=450 nm: We=42.4029°, Ag= 87.0356° | d¥/d6 =-0.0061, dA/d6 =-3.7121
+0.1°: A¥Y =-0.001°, AA =-0.372° | -0.1°: A¥Y =+0.001°, AA =+0.371°
A=550 nm: Wo = 31.5433°, Ap = 85.4961° | d¥/d6 = 0.0723, dA/d6 =-3.9722
+0.1°: AY =+0.008°, AA =-0.398° | -0.1°: A¥ =-0.007°, AA =+0.397°
A=650 nm: Wo = 25.5498°, Ag = 90.1145° | d¥/d8 = 0.0136, dA/d6 =-4.5238
+0.1°: AY =+0.002°, AA =-0.453° | -0.1°: A¥Y =-0.001°, AA =+0.452°

Fitted thickness using all three wavelengths
+0.1° Aol error: d_fit=159.621 nm (err = -0.379 nm)
-0.1° Aol error: d_fit=60.342 nm (err = +0.342 nm)

Thickness statistics due to £0.1° Aol uncertainty
Mean thickness = 59.982 nm
Standard deviation (std) = 0.3604 nm

The figure below shows a 0.3604 nm standard deviation and a mean thickness of 59.982 nm
for a nominal 60nm SiO»/Si sample during a +0.1° perturbation of the Aol, which show the
minor effect of the uncertainty posed in our measurements. The other remaining 40, 80 and

100nm samples have similar range of values, for their respective scale.

mean and iation due to £0.1° AOI perturbation

4 =59.982 nm

Thickness (nm)
n w S [$1] [=2]
o o o (= o
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Figure 4.10. Mean thickness and standard deviation of a nominal 60nm SiO,/Si sample simulation

during a +0.1° perturbation of the Aol.

As the rotation angle of the LCD-LED monitor light source significantly influences the
incident polarization state of the light, the major reasons behind the 45° monitor's orientation
with respect to the plane of the sample, as discussed below.

Spectroscopic ellipsometry requires an oblique angle of incidence [2], as no useful

information can be collected at normal incidence or parallel angle of incidence.
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a) During normal incidence, Aol, ©=0°.
In this case, the electric field components, 1, and 15, counter the same boundary conditions.
From the Fresnel equations,
Cos Bj= Cos 0k =1, which yields to 1, =rs, A=0 and tan (y) =1
As aresult, the detector (the polarization-sensitive camera in our case) will record a zero phase
difference, despite a constant y and A values, meaning no polarization change. Remember that
Spectroscopic ellipsometry measures the change in the polarization state of the measurement
beam.
b) Similarly, at parallel incidence, Aol, 8=90°,
The measurement beam travels along the sample surface, and roughly, a constant
phase difference occurs. Ideally, no reflected beam can reach the ellipsometric
detector, resulting in no valid measurements can be done either.
c) At Brewster angle, we get maximum phase difference leading to maximum

sensitivity and optimal measurement [2].

Regarding systematic errors that may arise from the camera sensor, Connor Lane et. al. in
their, calibration of a polarization image sensor and investigation of influencing factors work
showed that higher omnidirectional extinction ratio of the IMX250MZR sensor for
wavelengths in the blue- green range compared to the longer wavelengths of red light,
graphically shown in figure 4.9 After an appropriate calibration of a polarization image sensor
using the super-pixel calibration method, Connor Lane et. al. research work confirm that the

Measurement errors that may arise from these sensors is very low [60].

Single-pixel
¥

Photo diodes

On-chip lenses

Figure 4.11. Structure of the Sony polarization image sensor and the polarizer image.

From the measurement beam of light perspective, our optical mapping tools use multi-color

(RGB) light sources. To be specific;
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e In our macro imaging ellipsometer, an LCD/LED monitor emits out a Red (650nm),

Green (550nm) and Blue (450nm) polarized color band light sources and
e In the microscopic ellipsometer, RGB Laser module emits out a Red (638nm),

Green (520nm) and Blue (450nm) as a point-like light from laser diodes.
The above list clearly shows our newly optical mapping tools use multi-color wavelengths. A
broader spectral range, usually from UV-NIR, would further enhance the sensitivity of the
light detector, optimize the goodness of fit in our data analysis and it would have a broader

materials spectrum to be investigated, which would avoid spectral range limitation.

Below are some common points to be considered for a better flexibility and enhancements.
For a maximum sensitivity, a broader spectral range source of light would elevate the goodness
of the imaging tools.

To enhance the frame acquisition of the imaging ellipsometers, incorporating polarization state
modulators, like photo elastic or ferroelectric, would be suggested. Similarly, adding real time
environmental control modules would open a new door for an in-situ growth monitoring.
Developing a benchmark ellipsometric parameters datasets from these tools would also help

for comparison and reproducibility for future researchers in this field.
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5. Experimental Results and Discussion

As a general preview, this chapter begins with the basic ellipsometric measurement, after the
post-experimental setup, and then an early and simple calibration method, followed by other
different calibration and validation methods, and then eventually the monitor calibration
method by the rho-correction procedure. The experiments span from a sample at a single-
position calibration into a multi-position calibration sample, to validate the imaging speed, the
large area imaging capability of the mapping tool, integrated with the stability of the tool's
hardware, with no moving parts. Additionally, the research work evaluates and validates the
macro and micro imaging capability of the optical mapping tool.

As an academic norm, to understand the strengths and limitations of our research work, every
single measurement is verified with theoretical facts and independent experimental results of
the J.A. Woollam M2000 DI ellipsometer in our laboratory.

The cumulative body the experimental results constitutes a foundation core support of the

thesis statements, as discussed in detail in the subsequent sections.

5.1. Large area (Macro) Imaging

In principle, as the angle of incidence varies along the surface, a point-by-point angle of
incidence calibration is needed using the well-known silicon dioxide/silicon (SiO2/Si) sample.
Each pixel gets a calibrated angle value. The procedure is similar to a conventional
ellipsometry measurement. Standard ellipsometric databases are used to gather the
fundamental optical characteristics, such as the extinction coefficients and refractive indices.

The key variables to be computed include the angle of incidence (Aol), SiO» layer thickness
and the MSE values to evaluate the goodness of fit between the established theoretical model

and experimental ellipsometric datasets.

Besides, the experimental ellipsometric data analysis of the results need to be automated to
optimize data processing time and guarantee a quicker evaluation of a sufficient number of

measurement samples.
As an early start, a measurement on a SiO2 on a Si wafer is carried out on three different

thicknesses: 60nm, 80nm, and 100nm. Matlab automated measurement images of the SiO2/Si

samples are shown in Figure 5.1.
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As a demonstration of preliminary results, the direct raw ellipsometric data values, tan (‘¥') and
cos (A), maps of a 60nm SiO»/Si substrate measurements for the RGB spectrum are shown in
the figure below, before their incorporation into the Fresnel equations for data analysis. The
figures show measured ellipsometric angles, tan (¥) and cos (A) values, for each color bands,
blue (450nm), green (550nm) and red (650nm) which are similar, but not the same as
ellipsometric angles depend on the wavelength of the measurement beam. A clear part of a
circular figure gradient can be observed from the figures, which is the actual shape of the
Si0,/Si sample. The spikes show areas where there is no sample, outside the circular edge of
the sample. The photograph of the 60nm SiO,/Si sample handling procedures and positions is
shown in figure 5.4.

The corresponding ellipsometric raw data maps for 80nm and 100nm SiO2/Si samples can be

found in the appendix.
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Figure 14. A 60nm SiO,/Si substrate tan (V') and cos (A) data values from the RGB light source.

The image below shows the computed angle of incidence calculated from the three samples,

using the automated homemade Matlab code.
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Incidence Angle

76
74

Figure 15. The common angle of incidence for the 60, 80 and 100nm thick SiO./Si samples

Note that, the angle of incidence is the angle between the incident beam and the surface normal
to the sample. It depends on the instrument optics, or the geometry of the experimental setup.
In contrast, the choice of the angle of incidence strongly affects the ellipsometric angles (¥
and A). Therefore, for a stable experimental setup, every corresponding specific data points of
a sample, even for different samples of different thicknesses, have the same corresponding
angle of incidence. Nevertheless, there exist variation in the incidence angle against the spatial

variation over a specific sample surface.

As described in the previous chapters, SiO2/Si sample is a well characterized, stable and
reproducible material, always used as a standard reference material in the field of ellipsometry
for calibration. Hence, a nominal 60nm SiO; on a 20cm silicon wafer is chosen for our first
calibration of the optical mapping tool from inexpensive parts. The experimental encompassed
three distinct steps: Angle of Incidence (Aol) calibration, a SiO2 sample thickness
determination, and subsequent Mean Squared Error (MSE) analysis.

In figure 5.3, the computed SiO-/Si thickness from the J.A. Woollam M2000DI ellipsometer
(completeEase software) and from our large area (macro) imaging tool from inexpensive parts,
a uniform variation gradient of the angle of incidence and the associated MSE value maps are

shown. The mean square error (MSE), the of goodness-of-fit, observed is relatively low.

Note that, the primary region of interest is the center area of the sample, as areas outside the
edge of the sample show relatively higher MSE values. The center area of the sample in Figure
5.3 b) indicates a sample thickness of about 60-61 nm thickness, which is close to the nominal

60nm thickness. Moreover, the measurement from our large-area optical mapping tool from
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inexpensive parts exhibits a good concordance with the conventional J.A. Woollam M2000DI

ellipsometer, with an approximately 2 nm thickness discrepancy.
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Figure 16. A nominal 60nm Silicon dioxide sample on a 200mm silicon wafer, (SiO,/Si) maps

a) SiO;thickness ,from the J.A. Woollam M2000DI ellipsometer (completeEase software)
b) SiO; thickness , from our newly developed imaging tool

c) the angle of incidence and d) the associated MSE values

The total acquisition time of the above imaging experiment does not take more than 4 seconds,
which is a very short period, especially when compared to the conventional ellipsometers,
which typically would take more than 20 minutes.

To validate the spatial performance of the newly developed imaging ellipsometric mapping
tool, comparative experiments were conducted on nominal 60 nm SiO2/Si sample at three

distinct surface positions left, center and right respectively, as shown below.
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Figure 17. Photograph of the nominal 60nm thick SiO» on a silicon wafer in three distinct positions,

left, center and right respectively.

To do this measurement, the first step is to measure and evaluate the actual angle of incidence
calibration for each coordinate, using the standard SiO2/Si sample. This was done by placing

the oxide sample at three different positions. The thickness results of this calibration are shown

in Figure 5.5.
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Figure 18. Thickness maps of the nominal 60nm SiO, on a silicon wafer in three distinct positions,

position 1, 2 and 3 respectively.

Note that, the results of the measurement of the calibration from our prototype tool shows

points of high MSE values and less MSE values for specific regions within each position, as

expected, due to overlapping layers.
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Note that, the M2000 ellipsometer can map only 15 cm diameter area in one cycle, where as

our optical imaging tool assembly maps bigger area than the actual size of the measured Si-

wafer, which made measurements in different positions, three in this case, feasible.
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Figure 19. 3D maps of the MSE values for the SiO2 in three distinct positions position 1 , 2 and 3

respectively.

From the above figure, it is evident that, regions within the SiO, sample show less MSE and

regions outside the edge of the sample show higher MSE values on each positions.

Given that lower Mean Squared Error (MSE) values denote better measurement precision, a
good calibration was achieved by selectively extracting the minimum MSE value at each
corresponding positional coordinate from the three distinct positions, thereby synthesizing a

new, equivalent single MSE map as shown in the Figure 5.7. (a).
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Figure 20. a). MSE calibration map and b). Angle of incidence calibration map for 20cm diameter,
nominal 60nm thick SiO».
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These lowest MSE values in Figure 5.7 (a) are in turn used to calculate the corresponding angle

of incidence calibration, Figure 5.7. (b).

The pinhole camera couples the sample points directly to the sensor matrix pixels one-by-one.
This detection system is almost without a background. The measured area is determined by
the size of the monitor and the sensor-pinhole, pinhole-sample and sample monitor distance-
ratios. The lateral resolution is also determined by the distance ratios and the pinhole diameter.
The pinhole diameter (presently 0.2 mm) is a compromise between the detected intensity
(measuring time, presently 1-4 seconds) and the lateral resolution. One can see the illustration
of the resolution (presently better than 5 mm) in Figure 5.8, where a chessboard-like etched
silicon dioxide-covered silicon wafer “delta-contrast” picture. The bright parts are the original
(nominally 100 nm thick) oxide layer, the dark squares are the 4x4 mm sized etched native
oxide covered silicon surface. In the figure below, the MSE map shows where the sample is

(low MSE, blue part) and the squares in the thickness-map.
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Figure 21. Illustration of the resolution of the experimental setup

Silicon dioxide-covered silicon wafer “delta-contrast” picture (left), Chessboard-like Oxide thickness

map (center) and the corresponding MSE map (right).

Next, poly-Si-on-SiO> samples were measured. The films were deposited onto 6-inch
(15.24cm) silicon wafer. We used the calibrated angle-of-incidence values to determine the
thicknesses. Fig. 5.9 and 5.10 show the results. The regions of the low MSE values show
location of the samples and the regions with relatively higher MSE values are areas outside of
the sample. We must note that the perspective shortening makes worse the upper part. We
show the thickness map of the “lower” part in Fig. 5.10. We compare the results with the
M2000 results, too.
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Figure 22. Photograph of poly-Si-on-SiO, samples on 6-inches (15.24 cm) Si-wafers (left) and their
corresponding MSE map (right).
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Figure 23. Thickness maps of Poly-Si samples on SiO,/Si.

a) 4 poly-Si on SiO,/Si thickness map measured by our large-area mapping tool ellipsometer
b) Poly-Si-49 (left) and Poly-Si-46 (right) thickness maps on SiO,/Si measured by J.A. Woollam
M2000 DI ellipsometer.
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5.1.1. Monitor calibration using rho correction method

In the previous Chapter, we experienced some systematic difference in the thickness maps
between our mapping tool and the M2000DI measurements .Checking a device or setup for
accuracy and precision, as well as attempting to fix any flaws or malfunctions through
calibration and validating it with other equivalent standard models, is a typical scientific
technique. In spectroscopic ellipsometry, an appropriate treatment of instrument imperfections
minimizes measurement errors [1].

To optimize the sensitivity and precision of our macro-imaging tool, the LCD/LED monitor
calibration and then compensating the discrepancies with necessarily correction is crucial for
better results.

Theoretically, the LCD monitor should send a perfect linearly polarized RGB (Red (650nm),
Green (550nm) and Blue (450nm)) light beams towards the sample. To consider this, we
performed a direct control measurement as can be seen in Figure 5.12. However, each light
wavelength leaves the screen with somehow imperfect polarization state mainly due to
imperfect optical designs, wavelength dependent polarization light states and spatial non-
uniformity. These this may give rise to systematic wavelength dependent errors, and therefore
affects the ellipsometric data outputs. The main parts of a typical LCD monitor are shown in

the flow chart below.
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Figure 24. Main parts of a typical LCD monitor

To start our calibration process with, we direct the polarization sensitive camera to the monitor
without any reflecting sample, then we measure each tan (y) and cos (A) values for each RGB
lights.

Theoretically, for a perfectly linearly polarized, the values are supposed to be unity, one.
Nevertheless, the images in figure 5.13 tan (y) and cos (A) values result of direct-monitor
measurements clearly shows the need for a monitor calibration and implementing the p-

monitor-correction.
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The polarization state from the monitor depends on the angle formed from the relative position
of the monitor and the polarization sensitive camera in the experimental setup. See the

schematic diagram below.

« 50cm 5
Monitor

Polarization-Sensitive
Camera

Figure 25. Angle of incidence diagram scheme from the monitor-camera view.

The systematic values deviation from one (1) in the tan (y) and cos (A) maps clearly show the

fact that a point-by-point p (rho)-correction calibration is needed.
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Figure 26. Experiment results of the tan (y), left block, and cos (A), right block, values for RGB
color of the direct monitor measurements
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In the figures above, the x and y-axes represent the pixel group in the sample, 51x32 and the
z-axis (color band) shows the spectrum of the tan () and cos (A) values in each corresponding

category, depending on the type of the map.

Three SiO2 sample with different thicknesses (nominally 40 nm, 60 nm and 100 nm) on Silicon

substrates were used for the calibration process:

The equation below is used to during our Monitor-correction experiment:

— * .
[Popt = Pmeas ™ [Pmonitor 23)

(It is different for each point and each wavelength)
Where,
Popt is the measured value with perfect light source

Pmeas 18 the actually measured value and

Pmonitor 1 the p-correction.

We measured three SiO»/Si samples with different thicknesses. We determine 3*N*2 y and A
(where N is the number of different wavelengths, presently 3) and we should calculate (fit)
2*N+3+1 unknown calibration values for a full calibration: N*real (pmonitor) and
N*im(pmonitor) + 3 thicknesses + 1 actual angle of incidence in each points and each
wavelengths. Each thickness and angle-of-incidence in the sample depends only on location,
but the p-corrections (pmonitor) are location and wavelength dependents. This implies p-
corrections give more insight on the nature and status of the sample measurement.

In our calibration process, we fit the angle-of-incidence (wavelength independent), the three
thicknesses (wavelength independent), and the pmonitor (location and wavelength dependent)
point-by-point for each pixel throughout the sample.

A special software or program is required to perform this complicated calibration process,
because we should fit the results in a complicated manner, fitting all the 10 unknown
parameters in the same time using the measurements of the 3 different oxides. A Matlab
program with some other complementary software was used in our case to analyze and

interpret the experimental values.
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a) b)
Figure 27. Position order of a SiO2 sample, on six different positions at different places.

(a) Sample position order model (b) Sample at 3rd position
Each 20 cm diameter oxide samples were placed at six different positions on the 30x30 cm
holder, see Figure 5.14. After the fitting procedure, we get the thickness values, the angle-of-
incidence values, the pmonitor values, and the MSE (mean square error, the goodness of the fit),
which is the squared difference between the measured and calculated y and A values. The
fitted thickness, the angle of incidence and p (rho) values were refined. Areas of less MSE
values were selected, as they show a good fit. As each oxide sample is put at a specific position
on the substrate, significant errors can be seen several places due to the edges or the insufficient
illumination from the monitor.
Three Si02/Si samples of nominally 40, 60 and 100 nm thickness were used for the calibration
process and another nominally 80 nm SiO»/Si sample is analyzed using the calibration values
from the three oxide samples. The experimental data is collected for each three oxide samples
and then six different positions of each sample is used in the calibration process. The
experimental figures shown in this paper are mostly deduced by excluding pixels with high
MSE values that deviate the results from the true expected values, prioritizing points of only
low MSE. Figure 5.15 (b) shows the MSE-map of the central 20x15 cm part where the
measurement proved to be reliable.
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Figure 28. (a). Merged MSE full map (b). Low MSE pixels map
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The result of the angle-of-incidence calibration is shown in Figure 5.16. Using the same
criterions (low MSE, smooth map), we refined the angle-of-incidence map (Fig. 5.16 b) from
the angle-of-incidence full map (Fig. 5.16 a). We can see that the angle-of-incidence varies
smoothly across the surface, which agrees with the theoretical values. This refined angle-of-
incidence map is used latter to evaluate the nominally 80 nm SiO2/Si sample thickness map.
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Figure 29. a). Angle of incidence full map b). Angle of incidence with high MSE pixels removed
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The corresponding calibration process for the merged thickness maps of the oxide samples

(nominally 40, 60 and 100 nm thickness) are shown below in Figure 5.17.
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Figure 30. Thickness maps of nominally 40 nm, 60 nm and 100 nm of SiO/Si samples (low MSE

areas) from the refined central 20 cm x15 cm part of the sample.
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Figure 31. The calibrated pmonitor values. Left column: real pmonitor, right column: phase shift-correction

in rad. Upper row: blue (450 nm), Middle row: green (550 nm), Lower row: red (650 nm).

The calibrated pmonitor values for the specific setting of the device are also mapped, see Figure
5.18. These values differ only by less than 0.3 from the ideal values, so we can use them to

evaluate independent measurements.
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Figure 32. a) Nominally a 80 nm oxide sample thickness map by Woollam M2000 DI SE



b) Thickness map of same Si02/Si sample 20x15 cm area by the non-collimated, calibrated

mapping tool.

Note that our M2000 DI can map only the central 14 cm diameter area of the 20 cm diameter
sample.
We used a nominally 80 nm thick, 20 cm diameter SiO2/Si sample to check the results of the

calibration. We used the calibrated pmonitor Values to correct the measured ellipsometric angles
and used the corrected values to determine the thickness map. The thickness map of the 80 nm
oxide sample in Figure 5.19 (b) appears to be smooth enough. Note that, the interval between
consecutive colors in the scale bar is only 0.5 nm.

An independent checking measurement of the same sample is also made by the Woollam
M2000 DI ellipsometer, as shown in the Figure 5.19 (a). The agreement of the thickness
measurement made between our non-collimated ellipsometer after correction, and the
conventional Woollam M2000 DI ellipsometer is only within 1nm, which is a good agreement.
Overall, we developed a multi-color ellipsometric-mapping tool from inexpensive parts and
applied a new calibration, rho-correction method, to make the thin film thickness measurement
fast and accurate. Our new optical mapping equipment made by an ordinary color LED monitor
and a polarization sensitive camera can measure big area in one second shot, while
conventional ellipsometric devices needs several minutes to scan big area. After this

calibration, the accuracy of our device is found to be less than 1 nm.

5.1.2. A new Bayesian evaluation method of the multi-color ellipsometric mapping on
large surface area samples

Our group (Kalvin, S.; Zereay, B.N.; Juhasz, G.; Major, C.; Petrik, P.; Horvath, Z.G.; Fried,
M.: A New Method of Evaluating Multi-Color Ellipsometric Mapping on Big-Area Samples.
Sci 2026, 8, 17. https://doi.org/10.3390/s¢i8010017) further developed the evaluation of the

ellipsometric mapping measurements on the same experimental imaging device. The evaluated
samples are SiO2/Si and Polycrystalline layers deposited on Si-SiO2 substrates using a new
Bayesian evaluation method. [69]

In such a configuration, the polarization state of the illumination and the local angle of
incidence vary spatially and spectrally, rendering conventional spectroscopic ellipsometry
inversion methods hardly applicable. To address these limitations, a multilayer optical forward
model was augmented with instrument-specific correction parameters describing the

polarization state of the monitor and the angle-of-incidence map. These parameters were
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determined through a Bayesian calibration procedure using Si-SiO> wafers. Note that, we
usually use the Si-SiO, wafers since these samples are well-established widely used references
in ellipsometry. The Bayesian method was combined with simulated annealing (SA) to use as
global optimization algorithm designed to deal with the global minimum or maximum of any
given function [66-68].

The use of non-ideal and imperfect optical components, however, requires a departure from
conventional ellipsometric evaluation strategies. Instead of relying on directly reconstructed
tan y and cos A values, the present work [69] employs an intensity-based forward model and
a Bayesian evaluation [70-73] framework. This approach allows the measured RGB intensity
signals to be analyzed directly, while consistently accounting for instrumental correction
parameters, measurement noise, and prior information on the sample structure.

In principle, the Bayesian Probability Theory (BPT) [70-73], provides a natural and consistent
framework by treating all unknown quantities probabilistically and by explicitly incorporating
prior physical knowledge, such as realistic parameter ranges, smoothness constraints, and
independent calibration information. This method considers the limited amount of spectrum
information suggests that all unknown parameters cannot be uniquely determined using the
measured data alone, in addition to the fundamental challenges of multi-stage data evaluation

in ellipsometry [69]

As an early calibration process, a usual norm in ellipsometry, nominally 60 nm, 80 nm, and

100 nm SiO; samples on silicon substrates were selected. Similar to our previous monitor
calibration process using the rho correction method, in subsection 5.1.1, this framework
follows similar procedures but now using the Bayesian Probability Theory, using the same
validation system, the Woollam M-2000DI SE system as a reference.

Bypassing the rigorous numerical and probability equations of the BPT in [69.], the final
calibration maps using the Bayesian method are shown below.
Nominal thicknesses of 60 nm, 80 nm, and 100 nm SiO»/Si samples of 30x30 cm? surface area

were used for an early calibration.
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Figure 5.20. a). Full camera field of view of x> map and
b). calibrated Aol map (right) of SiO»/Si samples.

The above figures show the ¥ (equivalent of MSE defining for the RGB intensity signals) map
and the calibrated angle of incidence surface maps, respectively. Note that the angle of
incidence is common for the three thicknesses, as it depends on the relative geometry of the
experimental setup mainly, the light source, sample holder and the light detector. As the
measurement are taken at the full camera field of view, 30 cm by 30 cm surface area (50 by 30
pixel groups in x and y dimensions), deviations can be seen at the edge of the maps, a remainder
that the central part is the area closer to the nominal values in both cases, which is to be

considered later in this section.
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Figure 5.21. Maps of calibrated rho monitor values.

Left columns: absolute value of rho monitor, Right columns: phase shift-correction maps.

In the above Figures, the maps show the rho monitor-correction factor from the calibration
maps part, the maps on the left column show the absolute rho values while right columns show
for the rho phase shift case. From the above maps, which are recorded from the full camera
field of view (50x30 pixel group points) there are more deviations at the edges from the

nominal values (with absolute values close to unity and phases close to zero) and less
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deviations in the central part more or less at the 40 x 24 pixel group points, which is the main

area of our consideration.
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Figure 5.22. Thickness maps of SiO2/Si samples with nominal thickness of 60 nm, 80 nm,
and 100 nm, left to right, respectively.

The above figures show the thickness maps of nominal thickness of 60 nm, 80 nm, and 100
nm of the Si02/Si samples, from the full camera field of view, 50x30 pixel group points.
We can notice that there are some thickness spikes at the edges and the part with minimum
deviation is the remaining parts, the 20x15cm surface area, which is the area selected for our
calibration and hereafter referred as valid areas.
The maps shown below (Figures 5.23 and 5.24), the y? , angle of incidence and the calibrated
rho monitor-correction (absolute and phase shift values for the RGB channels) maps are parts
of the previously shown maps, but selected in such way that the areas having less deviations
and closer to their corresponding nominal values. We can see that the valid areas are (8-40)

pixels groups by (8-24) pixel groups, or physically central area, 20x15 cm?, of the sample.
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Figure 5.23.y? map (left) and angle-of-incidence map (right) on the valid area, 20x15cm’.
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Figure 5.24.Calibrated (rho) p-monitor values on the central valid area, 20x15cm?.

In the above calibrated rho correction figures, the left column maps show the absolute value

of p-monitor correction while the right columns show the phase shift-correction maps, for

each RGB color channels, Blue (450 nm),Green (550 nm) and Red (650 nm) color channels in

both columns from top to bottom. The data shown is for the selected valid areas of the samples,

20x15 cm?.

It is worth noting that the uncertainty values, arising from both systemic and statistical errors,

in these data are important as the calibration values, as these uncertainties are useful parameters

in the polycrystalline silicon samples analysis, which are going to be eventually discussed in

this very section at later. These uncertainties were taken into account by fitting the quadratic
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surface into the calibrated values within the selected valid 20x15cm 2 surface area [69], whose
cumulative results are show in Figure 5.23 and Figure 5.24.

In this procedure two SiO2/Si wafers, nominally 20 nm and 120 nm thick SiO2/Si oxides,
Figure 5.25 and Figure 5.26 were independently analyzed in our imaging device and compared
to another independent experiment done with the same samples in the Woollam M2000 DI

ellipsometer in our laboratory.
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Figure 5.25.A nominally 20 nm SiO»/Si thickness map on a 20 cm diameter Si-wafer.
Left: Woollam M2000 ellipsometer map, 14cm diameter

Right: from our inexpensive imaging device, 20cm diameter.
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Figure 5.26. A nominally 120 nm SiO»/Si thickness map on a 20 cm diameter Si-wafer.

Left: Woollam M2000 ellipsometer map, 14cm diameter

Right: from our inexpensive imaging device, 20cm diameter.
Note that the conventional M2000 DI ellipsometer inherently measures a sample of surface
area with a maximum of 15 cm diameter, which is only the central part of the 20 cm measured
by our newly developed imaging ellipsometer, otherwise the thickness bars in the each maps
shown in Figure 5.25 and Figure 5.26 are divided into 12 equal color bars of only 0.5nm, which

is more or less comparable to the atomic layer of the oxides. The 12 equal color bars is chosen
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to fit the default color scale interval of the CompleteEase software of the Woollam M—-2000
DI SE.

The most important observation from these experiments is that, there is only less than Inm
oxide thickness values discrepancy between the two independent measurements, for each
samples, carried out from our large area imaging tool and the conventional Woollam M-2000
DI SE.

Multilayer validation of the Bayesian analysis

To further evaluate the consistency of the calibration posterior obtained from the previous
reference samples as informative prior in the Bayesian analysis, multilayer structures of Poly-
Si on SiO2 on Si Samples were selected to be analyzed using similar methodology. Two
polycrystalline—silicon on silicon-dioxide samples prepared through the standard chemical
vapor deposition (CVD) deposition on 6-inch-diameter (roughly 15 cm) crystalline silicon

wafers. a-Si denotes an amorphous silicon layer.
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Figure 5.27. Thickness maps from the first poly-Si—silicon-dioxide film structure on a 6-inch-diameter

Si-wafer by a Woollam M2000 ellipsometer (left) or by our device from cheap parts (right)
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Figure 5.28. Thickness maps from the second poly-Si-silicon-dioxide film structure on a 6-inch-
diameter Si-wafer by a Woollam M2000 ellipsometer (left) or by our device from cheap parts (right)

The agreement between the poly—Si thickness values obtained from our RGB ellipsometer and the
conventional J.A. Woollam M2000 DI ellipsometer falls approximately within 1 nm, despite the
fundamental spectral and spatial resolution differences between these two systems, summarized in

Table 5.1 below.

Table 5.1. Fundamental differences between M2000 DI SE and our RGB ellipsometer.

System M2000 DI SE RGB ellipsometer
Mapping type Scanning Imaging

Spectra bands Full spectra at each point Three broadband spectra
Spot size Imm ~ Smmx5mm

Area coverage

Max 15 cm diameter

30x30 cm?
(Theoretically ~150 cm)
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To further quantify the agreement, a comparative error analysis was performed for the second
poly—Si/SiO2/Si sample, using the device with smaller pixel groups. Figure 5.29 and Figure
5.30 show the smoothed thickness maps of fitted values of poly-Si and SiO> layers (left maps),
the differences between the smoothed and M2000 thickness values (middle maps), and the

distribution of the thickness differences.
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Figure 5.29. Smoothed thickness map of poly-Si layer (from Figure 5.28). Difference in the smoothed
and M2000 thickness values. Histogram of the thickness differences. One color is 0.5 nm. Here, the

valid area is shown with smaller pixel groups.
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Figure 5.30. a) Smoothed thickness map of SiO, layer (from Figure 5.28) b). Difference in the

smoothed and M2000 thickness values. c¢). Histogram of the thickness differences.

One color is 0.5 nm. Here, the valid area is shown with smaller pixel groups.

All in all, in the current method, the intensity-based forward model integrated with the
Bayesian evaluation framework, considers into account the optical and structural imperfections
and their corrections which were previously investigated in the LED-LCD monitor light source
setup, measurement noise and previous information on the sample structure while enabling
direct analysis of the recorded RGB intensity signals. This method turns out to be an
appropriate way of treating this cases and closely agrees with our previous results, the monitor

calibration using the rho method.
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It is evident that the three RGB broadband spectral channels limitation, while this configuration
is sufficient for robust thickness mapping of well-defined layer structures, it restricts the
amount of independent spectral information available for simultaneously determining multiple
optical parameters. Despite these limitations, the results show that the calibrated RGB
ellipsometric mapping system, combined with a Bayesian evaluation strategy, provides
reliable and quantitatively interpretable thickness maps for technologically relevant SiO»/Si
and poly-Si/SiO»/Si structures. The method is therefore well suited for applications where fast,
large-area mapping and transparent uncertainty quantification are more critical than full

spectroscopic parameter reconstruction [69].
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5.2. Small area (Microscopic Imaging)

5.2.1. Prototype of a new microscopic ellipsometer using point-like light source

At present, ellipsometric microscope is described in published patent document USS,
754,296 [61]. That system typically employs a collimated illuminating beam along with
imaging optical elements and lenses to perform micron-resolution imaging of the sample,
illuminating all measured sample points with light at an identical angle of incidence [51].
A similar optical approach is presented in a publication [35], which also describes an
imaging ellipsometer. In this setup, a parallel beam illuminates the sample, and an imaging
lens creates an image of the sample on the surface of the detector. This solution focuses on
the analysis of biological protein samples and indicates that the method can detect the
presence of specific protein layers as well as the interactions of different protein layers on
the substrate surface. The imaging ellipsometry biosensor (IEB), first proposed in 1995
[36] has advanced from a simple concept to a powerful biosensor with high throughput,
high sensitivity, specificity and low sample consumption. IEB can be applied to detect
antigen— antibody complexes on a substrate. The biosensor system is utilizing specificities
of biomolecular interactions in combination with protein-patterned surfaces. Visualization
of the thickness distributions of thin layers (protein patterns) on a surface is achieved by
using imaging ellipsometry. The biosensor system has the advantages of high spatial

resolution, fast data acquisition, and simplicity in use [35].

Image in grayscale
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Figure 33. The principle of imaging ellipsometry biosensor (IEB) for detection of biomolecule

interactions.
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Figure 34. Schematic illustration of (a) imaging ellipsometry biosensor (IEB) in the external

reflection condition and (b) total internal reflection imaging ellipsometry biosensor (TIRIEB,).

A trapezoidal prism is used to couple the detection beam to the sensing surface. The polarized

collimated beam is propagated perpendicularly to the prism and onto the sensing surface [35].

Our Laboratory developed and applied a new microscopic ellipsometer which is an optical
magnifying device using a non-collimated light beam without a lens, which is suitable for
measuring the change in polarization state of light reflected from or passing through very small
(~1 mm?) surfaces or volumes of various materials. The lateral resolution of this microscopic
ellipsometer is in the order of microns, thus enabling the rapid and simultaneous mapping
examination of these materials with high resolution. This optical testing device is particularly
advantageous for the high-resolution, non-destructive, rapid, and simple optical mapping
examination of very small surfaces of various materials, e.g. thin layers deposited by physical
or chemical means, or biological samples on a substrate. This device is capable to make similar

measurements like the above imaging ellipsometry biosensor (IEB) but cheaper device.

Our device can use direct or virtual point light source with a polarizer. The angle-of-incidence
is varied point-by-point so a special optical calibration method is needed using appropriate
SiO2 sample. After the calibration, different samples were measured and analyzed: continuous
and patterned thin layers (Chromium-film on glass, a-Si, a-C, Au, Ag, protein) to determine
the precision. The lateral resolution is better than 5 microns.

The basis of the work is a patent from our Institute: Major C, Fried M, Horvath Z Gy,
Juhasz G, Petrik P: Patent pending: P2400376, 2024.
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In the picture below is the newly developed optical mapping ellipsometer prototype.

S
=

Figure 35. RGB laser, pinhole-polarizer-(optional) compensator, sample, sample-holder,

polarization-sensitive camera.

As shown in Figure 5.33, the newly developed microscopic ellipsometer uses a point light
source from an RGB laser module. The device can use direct or virtual point light source with
a polarizer. We tried to use a few microns size of a real or virtual point light source creating
non-collimated illumination, and the sample was illuminated with light of adjustable
polarization state. The miniature real or virtual light source by focusing a collimated light beam
to a focal point using lens or using the end of a light guide fiber with micron size core was
tried, too. During our investigations, we concluded that an ideal solution for the
implementation of a high-resolution optical magnifying device is to direct a non-collimated
beam from a sufficiently small, point-like source located near the sample onto the surface to
be examined. The light is reflected from that surface, without imaging optical elements, lenses,
and mirrors, to a detector system located at an appropriate distance. As a result, each object
point can be measured at only one incidence (reflection) angle in a single step, and each object
point corresponds to a different angle. Thus, the single image detected as a recording provides
angle-dependent reflection data for the range of angles corresponding to the system's field of
view. This means that each sample point measured at a different incidence angle with a
resolution on the order of microns.

The best results were achieved using a point-like light source by focusing a collimated laser
beam into an extremely (1-5 micron diameter) small pinhole, as this allows for significant
noise reduction in the intensity distribution of the beam profile using the pinhole, using the

Airy-disc as illumination spot, see Fig. 5.31.
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Figure 36. Light bending at the edges of the light source with respect to the wavelength

(a) For a relatively large light source size
(b) For a relatively small light source size and

(c) Picture of Airy-discs after 10 or 2 micron sized pinhole at different RGB

colors.

We used a CMOS Pregius Polarsens sensor of model IMX250MZR, monochrome camera
sensor that is sensitive to a polarization state, where the wavelength is controlled by the diode
lasers. It is good for micron resolution, without moving parts, enabling shorter measurement
times and simpler construction.

Optionally, one can use a compensator (A/4 sheet), if the delta (A) ellipsometric angle is near
0 or 180 degrees, when Cos (A) is approaches 1 or -1. In such situations, we measure with
quasi-rotating analyzer method, determining directly Cos (A) and the relative error is higher.
Measuring the Cos A with 0.01 precision, the error in A is more than 5 degrees near 0 or 180
degrees, while the error in A is 0.5 degree near 90 degrees. This means more than 1 nm error
in thickness near 0 or 180 degrees, while only 0.1 nm is the thickness error near 90 degrees.
However, the A value can be shifted with a compensator (A/4 sheet) into a well measurable
range, but it needs a very sophisticated, wavelength and position dependent, extra calibration.

This can be the case if we want to measure on transparent substrate.
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Figure 37. Best assessment of the micro-ellipsometer.

The light source (23) is a 3-color (465 nm, 520 nm, 635 nm) RGB diode laser, whose
collimated light (6) is focused into a pinhole (5) by a lens (7), creating a point source (1). A
film polarizer (10) is placed between the pinhole (5) and the sample (2), into the divergent

beam (4). The camera is a polarization sensitive monochromatic version (3).

The Figure above shows the schematic draw of the best assessment of the device. The
illuminating light source (23) in this case consists of a 3-color (465 nm, 520 nm, 635 nm) RGB
laser source [62], whose collimated light (6) is focused into a pinhole (5) by a lens (7), thus
creating a point source (1). The polarization state of the diverging beam (4) is adjusted by a
polarization state generator (10) placed between the pinhole (5) and the sample (2), which in
this case is a film polarizer, although other types of polarizers may also be used. The sample
(2) being examined is arranged on a suitably designed (not separately indicated in the drawing)
sample holder.

The surface of the sample considered to have a reflective surface is illuminated by diverging,
linearly polarized light obtained from the pinhole (5). The light (4) reflected from the sample
(2) falls on the sensor surface of the position and polarization-sensitive detector system (3),
which in this case is a Sony polarizing computer-controlled digital CMOS monochrome
camera, see Fig. 4.5.

The ratio of the distance (t) measured along the optical axis from the pinhole-sample to the
sample-camera distance (t') results in a magnification of 25 times. The position and
polarization-sensitive detector system (3) is conveniently formed by a special CCD matrix,

above which micro-polarizers are arranged in a distribution of 0°-45°-90°-135° for every 2x2
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pixel group, see Fig. 4.5. The size of an elementary pixel is 3.45 microns (Fig. 4.5 ¢), and the
2x2 pixel matrix or 'super-pixel' measures 7x7 microns (Fig. 4.5 b). The noise reduction and
measurement accuracy could be enhanced through 4x4 super-pixel merging and the cooling of
the detector (3). After the super-pixel merging, the detector (3) consisted of 255 x 306 merged
pixels. The intensity ratios of the pixels in the detector (3) can determine the change in
polarization state after the reflection of light on sample. The sample (2) can be displaced along
at least one straight line in its own plane, e.g., in such a way that the examining arrangement
outlined in Figure 5.35 is equipped to a manufacturing line that performs continuous
movement. This displacement ensures that every point of the sample (2) passes at least once
through the illuminating divergent beam of light (4) at every possible angle value of the
detected cone angle range defined by the size of the pinhole (5) and the position and
polarization-sensitive detector system (3) and their measured distances from each other. With
the above device, the ellipsometric measurement of the sample (2) at more than ten thousand
points simultaneously, at three wavelengths and with a lateral resolution of 5 microns, takes
approximately 3 minutes, which is several orders of magnitude faster than devices that can

measure point by point at a resolution of 5 microns.

As the arrangement involves different Angle-of-Incidence (Aol) that belong to all measured
points, and a calibration process is needed to determine the Aol map before all other
measurements. A Si0O»/Si sample of nominal thickness (20-80) nm is enough and we only need
to fit the angle of incidence and the thickness (both parameters are wavelength independent)
as unknown parameters in the simple optical model. Fig. 5.36 shows the result of such
calibration process. The thickness map (Fig. 5.36 upper) shows values around 57 nm, the Aol
map (Fig. 5.36 middle) shows values between 60-65 degrees. The MSE, the squared difference
between the measured and calculated ellipsometric values (Tan y and Cos A) map shows the
circular area where the light intensities are high enough to get reliable ellipsometric angles and

where we can perform reliable microscopic measurements generally.
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Figure 38. Angle-of-Incidence Calibration: SiO; layer on Si; SiO, thickness map [nm] (upper);
Angle-of-Incidence [degree] map (middle); MSE map (lower).

Measurable area in this experiment is around 1 mm diameter.
Some selected measurements were carried out utilizing the prototype microscopic ellipsometer
using point light source, but now without the compensator. The measurements are briefly

discussed below for demonstration.

5.2.2. Measurement of ion implanted pattern

The sample, shown in Fig. 5.37, was made by Focused lon Beam (FIB). We ion implanted 30
keV energy Ga-ions into 100 nm thick SiO; patterned crystalline Si-sample, converting the
crystalline silicon (c-Si) into an amorphous silicon (a-Si) between the SiO; “walls”. The
schematic pattern can be seen on the top part of the figure, where the dashed squares show the

ion implanted 300x300 microns area. The narrowest lines are 10 microns wide.
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Figure 39. Ion implantation into oxide pattern, schematic pattern (top) and tan (psi) (bottom left),

cos (delta) (bottom right).

After the ion implantation, we etched away the SiO» pattern, so we could measure the smooth
Si surface with nearly 70 nm thick a-Si layers and unimplanted c-Si parts with only native
oxide. One can see the patterned a-Si lines (Fig. 5.37, bottom left) and the low Mean Squared
Error (MSE) values (Fig. 5.37, bottom right) corresponding to the a-Si lines. The unimplanted
c-Si part is badly measurable, because of the nearly -1 Cos (A) values, causing high MSE

(Mean Squared Error) values which show bad fit between measurement and calculation.
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Figure 40. Ion implantation into oxide pattern, thickness in nm (left), and MSE (right).

5.2.3. Measurement of a Chromium micro-lithographic mask

The figure below, figure 5.39, illustrates another simplified sample, a Chromium micro-
lithographic mask with 5x5 micron Cr squares on a glass substrate. We used the RGB laser
module, whose collimated light is focused into a pinhole by a lens, see fig. 5.33. A linear film
polarizer controls the polarization state of the diverging beam. After the sample, the
chessboard-patterned, 5-micron side-length, square, chrome-coated layer creates an image of
the sample on the detector due to the interference of light diffracted at the sides of the square
elements, thus allowing the device to examine the surface elements of the sample. The reflected
light falls onto the sensing surface of the position and polarization-sensitive detector system
(polarization sensitive, computer controlled digital CMOS monochrome camera). The ratio of
the distance of the pinhole pattern (t) to the sample-camera distance (t') gives a magnification
of 25 times. With this setup, ellipsometric measurements of the sample can be performed at
several tens of thousands of points simultaneously at 3 wavelengths. Fig. 5.39 a) and b) show
the Tan y and Cos A “images”, Fig. 5.39 c) shows the thickness map of the chromium with a
resolution of about 5 microns. Fig. 5.39 d) shows the Mean Squared Error (MSE) map, showing
good measurable places (low MSE) where the chromium film exists.

In case of the newly developed large area mapping tool using LCD-LED monitor light source,
the DYK 33UX250 USB 3.0 Polarsens camera (a 2/3 inch Sony CMOS Pregius Polarsens
sensor of model IMX250MYR) color sensitive camera variant was used, as shown in Figure
4.5. However, during the small area mapping tool microscopic ellipsometer that implements

an RGB laser source light, the DZK 33UX250 USB 3.0 Polarsens camera (a 2/3 inch Sony
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CMOS Pregius Polarsens sensor of model IMX250MZR) monochrome sensitive camera
variant was used.

The monochrome sensitive camera variant offers relatively superior speed, flexibility and
integration capability, which are crucial for real time optical mapping and imaging
ellipsometry. In contrast, due to reduced sensitivity and polarization distortion, the color
sensitive camera variant inherently compromise accuracy, resulting from the crosstalk and
RGB filter interference because of the inclusion of the Bayer filter array. For colorimetric or
multi spectral polarization imaging, though at the expense of the reduced sensitivity, the color

sensitive camera variant excels the monochrome version.
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Figure 41. Micro-lithographic mask. 5x5 micron Cr squares on glass to check resolution Chromium

layer thicknesses measured on the chessboard-patterned chrome-glass sample.

a) Tan (y) at 465 nm b) Cos (A) at 465 nm

¢) Thickness map in nanometers d) The corresponding MSE map
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Our device has advantageous effects that are mainly manifested in the visual representability
of the measured data. The distortion-free image allows for simultaneous high resolution
measurements over a wide range of angles, covering the small surface area of the examined
sample. Visual representability means simultaneous measurement of many points of the
sample without depth of field problem, reducing the measurement time. The reduction in
measurement time also means applicability in production line and in real-time. It should be
noted that the size and resolution of the generated image on the detector/screen can be simply

regulated by changing the applied geometry.

5.2.4. Measurement of protein pattern

We prepared Polydimethylsiloxane micro-contact printing (PDMS pCP, short for stamp) with
a chessboard-like pattern in sizes of 5 and 10 microns. Their optical microscopic images are
shown in Figure 5.40. Unfortunately, the 5-micron version did not turn out well; it is not
completely regular, therefore we present the results of protein measurements made with the
10-micron stamp. The used protein was Bovine serum albumin (BSA) which is a serum
albumin protein derived from cows. Its shape is a prolate ellipsoid (14 x 4 X 4 nm). It is often

used as a protein concentration standard in lab experiments.

Figure 42. PDMS micro stamps, Left image: 5 pm and Right image: 10um
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Figure 43. PDMS chessboard like stamps BSA protein. 10x10 micron stamp.
a) Tan (y) at 465 nm b) Cos (A) at 465 nm

¢) Thickness map in nanometers and d) The corresponding MSE map

We showed the measurement results on a prepared sample in Fig. 5.41. The periodic structure
in long-range contraction is already visible on the tan (y) and cos (A) maps, Fig. 5.30 a) and
b), and due to different angles of incidence in various directions, the specific values vary
continuously. The thickness map shows stripes because the protein squares meet at their
corners, where the 5-micron resolution is not sufficient. The MSE map (Fig. 5.41 d) also
indicates where the protein is (good fit, low MSE) and where the bare substrate is. With this
method, it was possible to deposit the protein onto the surface of the sample at the designed

thickness (510 nm), therefore it may serve as an alternative method for creating sensor surfaces.
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6. Conclusion

Overall, we developed a multi-color ellipsometric-mapping tool from inexpensive parts and
applied a new calibration method to carry out the thin film thickness measurement fast and
accurate. Our new optical mapping equipment made by an ordinary color LED monitor and a
polarization sensitive camera can measure big area in one second shot, while conventional
ellipsometric devices needs several minutes to scan big area. After a careful calibration, the
accuracy of our device is less than 1 nm.
In addition, in the newly developed microscopic ellipsometer prototype with a point —like RGB
laser light sources, we have a device without depth of field problems, without of much of
device calibration demand.
The device features relatively inexpensive components and contains no moving parts, making
it extremely fast and capable of high throughput. It can be utilized in industrial, agricultural,
and quality control applications that involve microscopy — such as by jewelers, geologists,
and currency counterfeiting — as well as for laboratory and research purposes.
In biotechnology and medical fields, the device can be effectively used for a variety of
purposes, including:

- Early tumor diagnosis

- Detection of clinical therapeutic markers

- Monitoring the binding of various molecules to surfaces

- Tracking environmental pollutants
To perform these analyses, one simply needs to prepare surface-sensitized samples tailored to
the specific application and place them into the sample holder of the compact device. This
allows for the detection of the presence of target substances in the test fluid.
The basis of the work is a patent from our Institute: Major C, Fried M, Horvath Z G, Juhasz
G, Petrik P: Patent pending: P2400376, 2024.
During the conventional ellipsometric mapping, the data collection is relatively slower and
use a scanned small spot, while our new optical mapping tool from cheap parts measures a
large area in one shot.
Therefore, the newly developed optical mapping tool from inexpensive parts, demonstrates
functionality measurement capability, as confirmed by the initial characterization of the
thermally grown SIO»/Si reference sample. The obtained tan (V) and cos (A) 3D surface

graphs clearly demonstrate the mapping tools are of great characterization devices.
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Generally,

The new prototype is fast imaging (only seconds) and set up from cheap parts
Ellipsometric data of large areas (even square meter size) can be collected in less than
10 seconds compared to the several minutes of “traditional” scanning methods.

Wide mapping area, up to 150 cm is possible, if we use big LCD TV instead of a
monitor.

No moving parts, leading to higher stability.

Nevertheless, there are systemic limitations,

Only three wide wavelength bands (RGB) are in action, which narrows the range of
the light band source.

Besides, there is a ‘0.1 degree’ angle uncertainty from the digital angle gauge used in
rotation angle of the LCD monitor, which may be estimated to contribute to the
experimental result deviation from the precise value as the incident polarization state

of the light is determined by the rotation angle of the monitor.

Thesis Statements

1. I have shown that it is possible to make a non-destructive optical imaging device from

inexpensive parts (LCD-LED monitors, TVs for light source and polarization sensitive

camera as a light detector) to measure in one shot on large, macro area, sample sizes. [1,

2]

2. I have shown that it is possible to make a non-destructive optical imaging devices from

inexpensive parts (RGB laser diodes for light source and polarization sensitive camera as a

light detector) to measure in one shot on small (mm size), micro area, sample sizes. [3]

3. After an appropriate subsequent calibration processes, I have shown that the devices (in

points 1 and 2) can image a sample surface with a 1 nm thickness resolution on several 10

thousand pixels. [1-3]
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7. Possible further developments

In this research work, we have successfully demonstrated the design, calibration and of a newly
developed Macro and Micro imaging ellipsometers, which are both capable of measuring large
area and small area samples with a faster speed, larger area mapping capacity when compared

with the corresponding conventional ellipsometers.

However, as a continuous improvement of our mapping tool setups for further optimized and
precise results, there remains a significant scope for the future enhancement, in terms of both
the instrumentation and data analysis methods, using the current configuration as a baseline

establishment.
a) Expansion of the Imaging field using a larger LCD monitors

In this current work, a liquid crystal display window (Dell Ultra-Sharp™ U2412M, GB-LED)
with an active diagonal viewable size of approximately 61cm (24inches) is used in as the main
source of a polarized measurement beam for our large area imaging ellipsometric arrangement
as both the projection screen and the polarization modulator. Our small area-imaging tool

(microscopic ellipsometer) uses an RGB laser light module for the same purpose.

In order to enable wide-field imaging of extended samples and wafer-scale structures, the
current system configuration is planned to be upgraded in subsequent work employing a big

LCD television panel that is more than 2 meters diagonal in dimension.
The future modification may give rise to,

e An expanded range of mapping area and a field of view
o Enhanced signal-to-noise ratio and image resolution
o Facilitate multi angle and multi wavelength imaging due to the ample area for parallel

angle resolved illumination and data analysis.

Note that similar to our previous alignment, calibration and validation procedures, this new
configuration will require careful optical realignments and advanced LCD window rho-

correction methods.
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b) Integration of a deep learning for a quicker automated data analysis and better

accuracy

In the current research work, the ellipsometric data analysis and interpretation has merely
relied on the WVASE (Woollam Variable Angle Spectroscopic Ellipsometry) and custom
Matlab-based complementary modelling. Despite their reliable results, they remain
computationally intensive for the pixel-by-pixel processing of high-resolution images data
mapping.

Therefore, we propose a deep learning based ellipsometric data analysis, which obviously
require a collection of huge ellipsometric data sets for training from the forward ellipsometric
model or other experimental results of previous works. The adaption of this technique is
expected to yield a rapid evaluation of the optical properties, thin film thickness extraction
their roughness estimation, real time thickness mapping over large area pixel images on

minimal time and computational cost.

The cumulative result of the above two improvements is expected to enhance the
characterization of the large area device inspection and machine vision assisted material

diagnostics.

The ultimate goal of this research is to transform these current mapping tools into an industrial

inline characterization imaging ellipsometers, but from inexpensive parts.
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Figure 9.1. A 80nm SiO»/Si substrate tan (V) and cos (A) measurements for RGB spectrum

Figure 9.2. A 100nm SiO»/Si substrate tan (V') and cos (A) measurements for RGB spectrum



Table 1. Specifications of the DYK 33UX250 USB 3.0 Polarsens camera.

Vision Standard

USB3 Vision

Dynamic Range 12 bit
Resolution 2448x2048
Frame Rate at Full Resolution 75 fps

Pixel Formats

8-Bit Polarized Bayer (BG)12-Bit
Polarized Bayer Packed (BG) 16-Bit
Polarized Bayer (BG)

IR-Cut filter

Yes

Sensor Type and Specification

Sony IMX250MYR, CMOS Pregius

Polarsens

Shutter Type, format

Global, 2/3 inch

Pixel Size H:3.45 pm , V: 345 pm
Lens Mount C/CS

Interface USB 3.0

Supply voltage 4.75 VDC to 5.25 VDC

Current consumption

approx. 800 mA @ 5 VDC

I/0 Connector

12-pin connector for trigger and strobe or

general purpose input/output

Dimensions H: 29 mm, W: 29 mm, L: 43 mm
Mass 65¢g

Shutter lpusto4s

Gain 0 dB to 48 dB

* For the monochrome version of the camera, DZK 33UX250 USB 3.0 Polarsens camera, the

only change from the DZK 33UX250 USB 3.0 Polarsens color camera are the sensor format

and sensor type where,

Sensor Format: 8-Bit Polarized Mono, 12-Bit Polarized mono Packed,16-Bit Polarized Mono

Sensor type: Sony IMX250MZR




Figure 9.3. Sony IMX250MYR CMOS color polarization image sensor. (R: G1: G2: B)
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Figure 9.4. Normilized transmittance of the color filter of the color polarization image sensor.

The above graph shows a normalized transmittance for the Sony IMX250MYR CMOS color
polarization image sensor for R,G,G2 and B color channels across a range of wavelengths 400nm -

1000nm.

101



The blue B channel has high transmittance in the visible blue light range (400nm-500nm),green at
500-600nm and R around 600-700nm,and extends into the near-infrared (NIR) spectrum.

(Ono, S. (2020). Snapshot multispectral imaging using a pixel-wise polarization color image

sensor. Optics Express, 28(23), 34536-34573.) https://doi.org/10.1364/0OE.402947
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Figure 9.5. Omnidirectional Extinction Ratio (Minimum) is highest at around 420 when the
wavelength is about 430nm. The ratio gradually decreases as the wavelength increases. The data may
vary according to test enviromment. For IMX250MZR/IMX264MZR/IMX253MZR

Omnidirectional Extinction Ratio (Min.)

Source:https://www.sony-
semicon.com/files/62/flyer industry/IMX250 264 253MZR MYR Flyer en.pdf

Or https://www.sony-semicon.com/en/products/is/industry/polarization.html

(Sony Semiconductor Solutions Corporation, “Polarization image sensor with four-directional
on-chip polarizer and global shutter function,” 2021,

https://www.sony-semicon.co.jp/e/ products/IS/industry/product/polarization.html )

Both , Accessed on 21 Nov 2025 2: 10 am, 2:14 am ,
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Figure 9.6. Polarizer image
Source: https://www.sony-semicon.com/en/technology/industry/polarsens.html

21 November 2025 2: 28 am

Spectral Sensitivity - IMX250MYR-C

Sensor: Sony IMX250MYR-C courtesy of Sony Deutschland GmbH
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Figure 9.7. Spectral sensitivity of the Camera. Source: the brochure of the
https://www.theimagingsource.com/products/industrial-cameras/usb-3.0-polarsens/
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