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Abstract

This dissertation presents a systematic approach to the design, optimization, and high-precision

characterization of plasmonic gold nanostructures for advanced sensing and metrology. Two

distinct platforms were developed: randomly distributed gold nanoparticles (GNPs) for rapid

process optimization and ordered plasmonic gratings for ultra-sensitive, predictable performance.

First, a combinatorial platform was established by depositing graded-thickness gold layers

via magnetron sputtering, which were subsequently annealed to form GNPs with a laterally

varying morphology. This method enabled the rapid, spatially resolved characterization of

localized surface plasmon resonance (LSPR) properties using scanning optical spectroscopies. It

was demonstrated that the optimal nanoparticle geometry is highly dependent on the speci�c

sensing application; the highest sensitivity for volatile analytes like ethanol and water was found

at an e�ective gold thickness (di ) of 2�4 nm, corresponding to high surface coverage. In contrast,

the optimal condition for surface-enhanced Raman spectroscopy (SERS) occurred atdi � 1:6

nm, a region de�ned by small interparticle gaps that maximize local �eld enhancement.

Second, a robust methodology was developed for the characterization and metrology of

periodic gold gratings fabricated by electron beam lithography (EBL). By combining spectro-

scopic ellipsometry (SE) with �nite element method (FEM) modeling, the optical response

of the gratings was accurately predicted, overcoming the limitations of traditional e�ective

medium approximation (EMA). A systematic analysis of the �ve-dimensional parameter space

(wavelength, angle of incidence, period, critical dimension (CD), and thickness) was performed

to identify ideal conditions for sensing. The results show that the phase-sensitive ellipsometric

parameter, �, provides orders of magnitude higher sensitivity than the amplitude, enabling a

limit of detection (LOD) of � 10�5 refractive index units (RIU) and a measurement uncertainty

in the sub-picometer range for CDs and overlayer thickness.

Collectively, this work establishes a comprehensive framework for the rational design and

optimization of plasmonic nanostructures, advancing their application in both high-throughput

screening and high-precision metrology.
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1. Introduction

1.1 Scienti�c Context and Motivation

In recent decades, the ability to manipulate matter at the nanoscale has catalyzed the transfor-

mative progress across numerous scienti�c and technological �elds, including materials science,

surface chemistry, and biomedical engineering. The emergence of nanoscale systems has unveiled

novel physical and chemical behaviors that are now being harnessed to develop next-generation

technologies, from thin-�lm electronics to advanced biosensing platforms. With the increasing

sophistication of nanofabrication techniques, there is a corresponding and critical demand for

characterization methods that possess the resolution and accuracy required to monitor the

subtle yet decisive processes occurring at material interfaces.

Various phenomena are being leveraged for nanoscale sensing; among them, the interaction

of light with metallic nanostructures is a �eld commonly referred to as plasmonics, which has

proven exceptionally powerful and e�ective. Speci�cally, the phenomenon of Localized Surface

Plasmon Resonance (LSPR) in noble metal nanoparticles, such as gold, o�ers a highly sensitive

mechanism for optical detection [2]. When incident light interacts with a gold nanoparticle

(GNP), it can excite a collective, resonant oscillation of the free electrons, and this resonance

results in intense light absorption and scattering at a characteristic wavelength and creates

a strongly enhanced electromagnetic �eld con�ned to the nanoparticle's surface. The LSPR

is exquisitely sensitive to the nanoparticle's size, shape, and, crucially, the refractive index of

its immediate surroundings. This dependence makes LSPR an ideal transducer for label-free

sensing, capable of detecting the binding of molecules or subtle changes in the local dielectric

environment with high precision [3].

The promise of LSPR has fueled the development of a diverse array of sensor platforms, with

applications ranging from the detection of volatile organic compounds and bacteria to cancer

biomarkers [3]. However, this potential is critically undermined by the lack of a predictive

framework connecting fabrication inputs to device performance. The current paradigm of

single-design, iterative fabrication is not merely ine�cient; it is fundamentally incapable of

systematically exploring the vast parameter space of nanoparticle geometry. A more profound

and unaddressed question is whether a single 'optimal' geometry even exists. There is an

inherent antagonism between designs that maximize the plasmonically active surface area

for bulk refractive index sensing and those that generate the intense, localized 'hot spots' in

sub-nanometer (nm) gaps required for near-�eld enhancement phenomena like surface-enhanced

Raman spectroscopy (SERS) [4]. This thesis hypothesizes that these two sensing mechanisms
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place con�icting demands on the nanostructure, requiring distinct and divergent morphological

optima.

In order to test this hypothesis and move beyond empirical design, a deliberate, two-pronged

strategy is needed. Firstly, there is a need to overcome the bottleneck of iterative fabrication;

a high-throughput combinatorial method is essential for rapidly mapping the performance

landscape and identifying the distinct optima for di�erent sensing modalities on a single,

internally consistent substrate. Secondly, it would be essential to establish a truly predictive

engineering framework; a rigorous metrological approach must be developed for ordered systems,

combining high-precision fabrication with physically faithful electromagnetic models that can

serve as the basis for rational, 'inverse design'. This dissertation executes such an integrated

strategy, aiming to forge a quantitative and predictive link from the fundamental parameters of

nanofabrication to the ultimate performance of a device.

To address these challenges, robust characterization techniques are indispensable. Among

the available analytical tools, Spectroscopic Ellipsometry (SE) has emerged as a central method

due to its exceptional sensitivity and versatility. Ellipsometry has a long and rich history, with

its foundations laid in the late 19th century by the theoretical work of Paul Drude [5, 6]. In

ellipsometry, it involves measuring the change in the polarization state of light upon re�ection

from a surface, expressed through the ellipsometric angles 	 (amplitude ratio) and � (phase shift).

SE provides a wealth of information that far exceeds intensity-based optical methods. With the

advent of a�ordable computation in the 1980s, which enabled robust model-based analysis, the

application of SE expanded rapidly into �elds such as semiconductor processing, optical coatings,

and materials science, where it is routinely used for non-contact, non-destructive probing of

�lm thickness and optical constants with sub-nm precision [7]. Indeed, the use of ellipsometry

for in-situ process monitoring, particularly under high and low temperature conditions, has a

long and established history, providing a robust foundation for the real-time characterization of

material growth, phase transitions, and oxidation kinetics [8].

SE is well-established for the characterization of uniform thin �lms; however, its application

to complex, discrete nanostructures like those used in plasmonics presents distinct analytical

hurdles[9]. The model-based nature of ellipsometry means that the accuracy of the extracted

physical parameters is entirely dependent on the validity of the optical model used. For

periodic plasmonic structures, such as gratings, traditional approaches like the E�ective Medium

Approximation (EMA) are often insu�cient, as they fail to capture the intricate di�ractive and

resonant interactions that govern the optical response[10]. This modeling gap has limited the

use of SE for the traceable metrology of ordered plasmonic systems. For non-periodic systems,

such as thermally annealed nanoparticles, the challenge is one of throughput; a method is needed

to rapidly characterize a wide parameter space to locate the optimal morphology for a given

sensing task. The research presented in this dissertation directly confronts these challenges in

optimization and characterization by developing two distinct but complementary approaches:

ˆ Combinatorial Nanoparticle Platforms: To address the optimization challenge in

non-periodic systems (lacking long-range order and randomly positioned on the substrate,
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distinct from any internal crystalline disorder), a high-throughput combinatorial method

was utilized. We deposited a graded-thickness gold layer via magnetron sputtering and

subsequently performed thermal annealing, leading to the creation of a continuous library

of GNP morphologies on a single substrate. This platform enables the rapid mapping

of optical and sensing properties as a function of the initial gold thickness, allowing for

the swift identi�cation of the optimal geometry for di�erent sensing modalities, from

absorption-based gas sensing to �eld-enhancement-driven SERS.

ˆ High-Precision Metrology of Plasmonic Gratings: To overcome the modeling and

metrology challenges in ordered systems, a methodology combining gold gratings fabrication

via a high-precision EBL process, followed by SE characterization, and rigorous Finite

Element Method (FEM) modeling was established. This integrated approach provides a

predictive framework that accurately describes the optical response of fabricated gratings

and also allows for their systematic optimization. By exploring the �ve-dimensional

parameter space of the grating and measurement conditions, ideal parameters for achieving

ultra-high sensitivity were identi�ed, pushing the limits of dimensional metrology to the

sub-picometer level and establishing a clear pathway toward traceable nanoscale sensing.

In this dissertation, the term non-periodic refers to the stochastic spatial arrangement of

otherwise crystalline GNPs on the substrate. This terminology distinguishes spatial randomness

from any internal structural disorder within the particles themselves. In contrast, periodic

structures in Chapter 5 denote lithographically de�ned gratings with translational symmetry.

Figure 1.1: The "two-pronged strategy" of this dissertation, combining high-throughput combi-
natorial screening of non-periodic nanostructures (Chapter 4) with high-precision metrology of
ordered plasmonic gratings (Chapter 5).

Ultimately, this work aims to advance the �eld of plasmonic sensing by establishing a

quantitative and systematic framework for the design, optimization, and characterization of

nanostructures. By integrating innovative fabrication with advanced optical metrology, the goal

is to move beyond empirical design and toward a predictive, engineering-driven approach for

creating the next generation of high-performance optical sensors. This "two-pronged strategy" is

illustrated in Figure 1.1.
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1.2 Research Objectives

The development of such high-precision nanostructures is not an end in itself, but a critical step

toward creating the reference artifacts and test structures needed to advance the entire �eld of

optical nano-metrology and to validate emerging super-resolution microscopy techniques [11].

This dissertation tests the hypothesis that the plasmonic response of nanostructured gold can be

quantitatively predicted from geometry-dependent optical anisotropy measured by SE, enabling

high detection sensitivity across disordered and ordered regimes. The research is guided by the

following central objectives:

1. To establish a quantitative, high-throughput methodology for correlating fabrication pa-

rameters with plasmonic sensor performance. This objective moves beyond the limitations

of single-design fabrication by using a combinatorial approach to create a continuous

library of GNP morphologies. The goal is to generate a robust, data-rich map linking

initial �lm thickness directly to the resulting optical and sensing properties, thereby

creating a predictive tool for sensor optimization.

2. To test the central hypothesis that optimal nanostructures for near-�eld and far-�eld

sensing mechanisms are fundamentally di�erent. Using the combinatorial platform, this

objective aims to determine whether the ideal nanoparticle geometry for maximizing

SERS (a near-�eld e�ect) is morphologically distinct from the geometry that maximizes

sensitivity to bulk refractive index changes from volatile analytes (a far-�eld e�ect).

3. To validate the superiority of a rigorous SE-FEM framework for the metrology of ordered

plasmonic nanostructures. This objective seeks to demonstrate, through direct comparison

with experimental data, that an integrated SE and FEM approach is essential for the

accurate characterization of periodic gratings and to quantify the failure of traditional

EMAs in this regime.

4. To quantify the ultimate limits of detection and establish a predictive design map for

plasmonic grating sensors. Leveraging the validated SE-FEM framework, this objective

involves a systematic analysis of the �ve-dimensional parameter space to calculate the

theoretical LOD for both dimensional metrology and refractive index sensing, thereby

creating a quantitative guide for the rational, 'inverse design' of high-sensitivity devices.
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1.3 Overview

To address the research objectives outlined above, this thesis relies heavily on SE as the primary

characterization tool. SE is a powerful optical technique that measures the change in the

polarization state of light upon re�ection from a sample surface. This change, quanti�ed by

the parameters Psi (	) and Delta (�), is extremely sensitive to the properties of thin �lms

and nanostructures, including their thickness, optical constants, and morphology, often with

sub-nm resolution. A key advantage of SE, particularly relevant for sensing applications, is its

sensitivity to the phase component (�), which often shows a much stronger response to subtle

surface changes compared to simple intensity measurements.

Figure 1.2: Schematic diagram of the functioning of a spectroscopic ellipsometer.

Interpreting SE data, however, is not direct. It requires the use of appropriate optical models

to mathematically link the measured 	 and � spectra to the physical properties of interest. The

choice of model is critical and depends strongly on the sample's structure. For the non-periodic

nanoparticle systems explored in Chapter 4, where materials are mixed on a subwavelength scale,

EMA is often employed to represent the average optical response. Conversely, for the ordered,

periodic grating structures studied in Chapter 5, where light interacts through di�raction and

complex scattering, more sophisticated and computationally intensive rigorous electromagnetic

modeling methods, such as the FEM, become essential for accurate analysis. Throughout this

work, SE serves not only to characterize the fabricated nanostructures but also as the basis for

evaluating their performance in sensing applications. A central goal is to understand how the

design of these nanostructures in�uences their sensitivity, often quanti�ed by a metric known

as the Limit of Detection (LOD), which represents the smallest change the sensor can reliably

measure. By carefully combining fabrication, advanced SE characterization, and appropriate

optical modeling, this thesis aims to develop a predictive understanding of how to engineer these

low-dimensional structures for optimal performance. The detailed principles of SE, the speci�c

modeling approaches, and the de�nition of sensitivity metrics used in this work are elaborated

fully in Chapter 3.
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2. Literature Review

This chapter provides a review of the scienti�c literature that forms the foundation for this

dissertation. The chapter begins by exploring the historical overview of SE, tracing its evolution

into a modern, high-sensitivity characterization tool. Following this, I delve into the development

of real-time and in-situ ellipsometry for process monitoring, which is central to the dynamic

characterization methods employed in this work. Subsequent sections focus on the speci�c

application of ellipsometry to the challenging �eld of plasmonic materials, highlighting both

its capabilities and limitations. Finally, based on the exploration of this pathway, I synthesize

these threads to identify the precise research gaps that the work in this thesis aims to address.

2.1 Historical Context of Ellipsometry

The history of ellipsometry is best understood as a century-long trajectory that began with

fundamental theory, advanced through experimental proof-of-principle demonstrations, maturing

into a versatile platform now central to nanoscience, plasmonics, biosensing, and metrology. Its

distinctiveness lies in its ability to measure both the amplitude ratio (	) and phase di�erence

(�) of polarized light upon re�ection, quantities that directly encode the Fresnel re�ection

coe�cients for p- and s-polarized �elds. From these, the dimensionless complex refractive indexn

and the extinction coe�cient k can be retrieved. The technique is renowned for its sensitivity to

�lm thickness at the sub-nm level, allowing for the accurate characterization of ultra-thin layers.

Unlike conventional re�ectometry, which measures only intensity, ellipsometry provides phase-

resolved information, and this access to � has repeatedly proven decisive in pushing sensitivity

beyond what is otherwise achievable. This phase-sensitivity is particularly potent when the

technique is implemented in total internal re�ection geometries, such as the Kretschmann-

Raether (KR) con�guration, which enables the excitation of surface electromagnetic waves and

provides a direct optical window into nanoscale interfacial phenomena.

The theoretical and experimental foundation was laid in a landmark two-part work by

Paul Drude in 1889. He �rst demonstrated experimentally that surface layers, either naturally

occurring or induced by polishing, were the cause of elliptical polarization that deviated from

ideal theory [5]. He then provided the rigorous mathematical framework for calculating re�ection

from these thin, multi-layer systems, which remains the bedrock of modern ellipsometric modeling

[6]. While the potential for spectroscopic analysis was recognized early on, with Béla Pogány's

work in 1916 serving as a key precursor of measuring the optical constants of thin metal �lms

at multiple distinct wavelengths [12]. The next major experimental leap came with Alexander
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Rothen in 1945, who had coined the term 'ellipsometer' a year prior. He applied the technique

to Langmuir-Blodgett monolayers, resolving thickness changes at the level of a single molecular

layer and proving that interfaces invisible to conventional microscopy could be quanti�ed

optically [13]. This demonstration of sub-nm sensitivity presaged ellipsometry's eventual role as

a core technique for biosensing. Building directly on his initial demonstrations, Rothen used the

ellipsometer in 1946 to conduct a profound biophysical experiment that challenged the prevailing

views of molecular interaction. By interposing inert, molecularly thin "screens" between a

deposited antigen �lm and its homologous antibody, he made a striking discovery: the speci�c

immunological reaction could proceed through the barrier. He demonstrated that this interaction

occurred over distances greater than 150 Å, far beyond the range of conventional chemical forces.

This led him to postulate the existence of speci�c long-range forces, possibly arising from the

resonant coupling of extended molecular oscillators. This work was pivotal, as it established

ellipsometry not merely as a tool for measuring �lm thickness, but as a sophisticated instrument

for fundamental inquiry into the nature of biological forces, a role it continues to play today

[14]. The subsequent widespread adoption and exponential growth of the �eld, particularly from

the 1980s onward, is illustrated by the publication trends over the last several decades (Figure

2.1). An analysis of publication subtopics reveals that this growth was signi�cantly driven

by the application of the technique to the speci�c areas of this thesis, such as nanoparticles,

gratings, and FEM modeling, which have become major areas of research focus since the late

1990s. Publications related to nanoparticles and gratings rose sharply through the 2000s before

reaching a stabilization phase, while the use of FEM modeling has shown more gradual and

consistent growth. The modern foundation of the �eld is summarized in several key monographs

and handbooks. [15, 16, 17, 18]

Figure 2.1: Total articles containing the words �ellipsometry� or [�ellipsometry� and �gold
nanoparticles�] or [�ellipsometry� and �plasmonic gratings�] or [�ellipsometry� and ��nite
element�] in the title, abstract, or keywords. For better viewing, the subtopic papers are
multiplied by 10 as shown in the legends. The inset is a pie chart representation encompassing
less than 6% of the total published work in relation to the discussed work.
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For a clear visualization of this foundational period, Figure 2.2 summarizes the key milestones

from Drude's theoretical derivation to the automated instruments of the 1980s. This progression

from fundamental theory to a powerful experimental method established the foundations for

the modern modeling frameworks and applications discussed next.

Figure 2.2: The chronological evolution of ellipsometry timeline tracing pivotal contributions
beginning mainly in the 1800s till the 1980s.
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2.2 Optical Modeling Frameworks

The maturation of ellipsometry into a rigorous, quantitative method for thin-�lm analysis began

in the 1970s, sparked by crucial technological and theoretical breakthroughs. This newfound

capability for real-time monitoring, unlocked by the development of the �rst computer-assisted,

automated ellipsometers [19], was pivotal for the biological sciences. In 1978, there was an

establishment of the linear relation between ellipsometric � and the mass density of adsorbed

proteins at solid-liquid interfaces, thereby providing the quantitative equation that remains

the basis for label-free ellipsometric biosensing [20]. This new instrumental capability was

soon matched by signi�cant theoretical progress. By 1981, seminal reviews by Theeten and

Aspnes detailed how modeling had advanced to handle complex 'real-world' systems, making

it possible to disentangle �lm thickness, surface roughness, and interface layers in a single

experiment [7]. A further critical leap came in the following year from Aspnes, who formally

integrated e�ective medium theories (EMAs) into ellipsometric analysis, providing the framework

to represent composite, rough, or porous �lms with meaningful e�ective dielectric functions for

the �rst time [ 21]. Conceptually, EMAs treat a microscopic mixture of materials (like metal

nanoparticles in air, or a rough surface layer) as a single, homogeneous e�ective material, allowing

its macroscopic optical response to be calculated based on the properties and volume fractions

of its constituents (See Figure 2.3 comparing Maxwell-Garnett, Bruggeman EMA, and layered

structures) [22]. While foundational, the limits of these approximations, especially for nanoscale

systems, would require later re�nement. It was the combination of these threads, namely

instrumental automation, accessible computation, and sophisticated model-based regression

analysis, which truly unlocked the technique's full potential and transformed it from a qualitative

probe into a predictive metrological method.

Figure 2.3: Composite material structures. (a) Maxwell-Garnett geometry, (b) Bruggeman
geometry, and (c) layered geometry.

This new modeling capability also established ellipsometry as the reference standard for

optical constants. The handbooks compiled by Palik and Ghosh in 1985 codi�ed the dielectric

functions of noble metals, semiconductors, and insulators, producing datasets that remain

canonical references for plasmonic modeling today [23]. More recently, the database was

extended further by measuring electroplated gold �lms across the unprecedented range of

0.142-36 µm, enabling accurate modeling of plasmonic resonances ranging from the ultraviolet

through the far infrared and providing calibration constants for astrophysical instruments such

as the James Webb Space Telescope [24]. These works illustrate ellipsometry's dual function:
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a tool for nanoscale characterization and a global provider of reference data. This role as a

provider of foundational data is critical, as the optical constants measured by SE are often

essential inputs for modeling complex physical processes in entirely di�erent �elds, such as

calculating the laser-induced temperature change in magnetic FeRh thin �lms [25].

As nanotechnology matured, however, the limitations of these simple EMAs became apparent,

particularly for plasmonics and nanostructures. For instance, SE applied to colloidal gold �lms

showed that models beyond EMA were needed to describe thin, discontinuous nanoparticle

layers [10]. This was extended to periodic silica nanosphere arrays, demonstrating that ordered

nanostructures produced di�ractive photonic features requiring more sophisticated approaches,

such as statistical models or rigorous solvers, rather than simple EMA �ts [26].

For complex structures like metamaterials or anisotropic media, generalized ellipsometry,

often combined with numerical solvers like �nite-di�erence time-domain (FDTD) and rigorous

coupled-wave analysis (RCWA), becomes essential [9]. This approach uniquely allows for the

retrieval of tensor dielectric functions, mapping the full optical response. For example, in studies

of elongated Ag nanoparticles on rippled Si, generalized ellipsometry combined with FDTD

simulations successfully separated the distinct plasmon branches parallel and perpendicular to

the ripples [27]. Similarly, for Au on rippled Si, it was shown that the anisotropic dielectric tensor

retrieved via SE was indispensable for explaining the measured spectra [28]. Such tensor retrieval

isolates the stronger, phase-steep axis, critical information for designing polarization-selective

readouts optimized for the best LOD, as the tensor elements are directly measured. These

methodological contributions positioned ellipsometry at the heart of modern nano-plasmonics.

This is enabled by advanced modeling approaches, such as the use of �exible B-spline

parameterizations, which allow for the accurate, Kramers-Kronig consistent determination of a

material's dielectric function without the constraints of traditional oscillator models [29]. The

accuracy of such modeling is critically dependent on a rigorous mathematical framework, with

detailed analyses of electromagnetic di�raction in periodic structures providing the fundamental

basis for the numerical solvers, such as RCWA, that are essential for these complex systems [30].

Finally, several studies clarify why ellipsometric lineshapes appear as they do in strongly

coupled or ultra-con�ned regimes. Heuristic strong-coupling models have been developed and

validated against ellipsometric spectra of plasmonic resonators, showing that � captures phase

reversals across hybrid modes and can be used to quantify Rabi splittings and coupling strengths

reliably [31]. The physical origins of these lineshapes have been explored in detail through

reviews of hot-electron generation and damping, which connect these non-radiative channels

directly to linewidth broadening and phase lag [32]. This understanding is crucial because

ellipsometry reads both linewidth (via oscillator damping) and phase (via �), making it a

practical diagnostic for identifying when intrinsic loss mechanisms�such as electron-electron

scattering, electron-phonon interactions, or chemical interface damping�rather than geometry

or environment, cap the phase steepness and hence the achievable LOD [2]. Similarly, it has

been shown how extreme light localization in sub-nm gaps governs the optical response; in

practice, such nanogap modes imprint steep � dispersions and Fano-like asymmetries that are
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captured best by ellipsometric �tting, tying structural con�nement to measurable phase features.

In summary, the e�ective modeling of nanostructured and plasmonic materials using SE

relies on a hierarchy of approaches, grounded in the availability of accurate reference optical

constants. While fundamental oscillator models describe the intrinsic material response, EMAs

are commonly applied to composites but must be used judiciously, as their validity breaks

down for sparse or periodic systems. For such cases, and particularly for anisotropic media,

rigorous electromagnetic solvers (like FEM or RCWA) combined with generalized ellipsometry

are essential to capture di�ractive e�ects and retrieve full tensor properties. Advanced modeling

extends further, employing �exible parameterizations like B-splines for complex dispersions,

incorporating speci�c terms (e.g., sheet conductivity) for hybrid systems like plasmon-2D material

interfaces, and linking complex spectral lineshapes back to underlying physical phenomena

such as strong coupling or hot-carrier damping. This sophisticated modeling toolkit transforms

SE from a purely characterization technique into a powerful predictive language, capable of

quantitatively linking nanostructure design to optical function and guiding the engineering of

devices towards a desired performance metric, such as the LOD.
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2.3 Applications in Process Monitoring, Plasmonics, Sens-

ing, and Metrology

2.3.1 In-situ and Real-Time Process Monitoring

Beyond static characterization for sensing, a de�ning strength of SE lies in its ability to monitor

processes in-situ and in real time, capturing the dynamics of growth, reorganization, adsorption,

and environmental interaction with sub-nm precision [33]. Because SE records both amplitude

(	) and phase (�), it provides a continuously updated optical �ngerprint, enabling direct

observation of process kinetics, a 'movie' rather than 'snapshots' of surface evolution. This

capability transforms ellipsometry into a powerful kinetic probe for interfacial processes.

This is particularly evident in thin-�lm deposition. In atomic layer deposition (ALD),

for example, in-situ SE resolves sub-monolayer growth-per-cycle (GPC) increments with high

precision, essential for process control [34]. High-speed measurements can even reveal sub-cycle

process deviations, like transient adsorption, correlating optical signatures directly to �nal �lm

quality [35]. Combining SE with surface-speci�c probes like sum-frequency generation allows

disentangling macroscopic kinetics from microscopic surface chemistry during nucleation [36].

The development of rapid, multichannel instruments has further enabled SE's use as a feedback

tool in demanding processes like molecular beam epitaxy, solidifying its role as a workhorse

for real-time deposition monitoring [9]. This principle of stack engineering is also central to

more traditional optical components, where SE is used to precisely calibrate the ALD growth

of Al2O3 layers for fabricating multilayer bandpass �lters based on a pre-determined recipe,

showcasing the technique's utility in classical photonics design [37].

The same real-time monitoring logic extends to nanostructure formation and assembly. SE

reveals how �lms reorganize, tracking, for instance, the transition from isolated clusters to

conductive �lms during sputtering, with spectral features pinpointing the percolation threshold

[38, 39]. It can follow the entire evolution of sputtered nanoparticles from nucleation to near-

percolation [40]. Beyond growth, SE monitors self-assembly kinetics, resolving di�usion-limited

and saturation regimes during nanoparticle deposition [41], tracking aggregation via molecular

'glues' [42], and assessing packing density in Langmuir-Blodgett monolayers [43, 26]. The

technique also monitors pattern transfer, capable of resolving sub-second polymer re�ow kinetics

during nanoimprint lithography for real-time feedback [44]. In these cases, SE acts not just

descriptively but prescriptively, identifying optimal morphologies or process endpoints in-situ.

This capability is a powerful asset, building on a long history of applying SE to monitor

diverse dynamic processes, from thin-�lm growth at high temperatures [8] to the multi-step

surface functionalization of biosensors. For these devices, the ability of in-situ SE to monitor

each stage, from initial nanoparticle deposition to �nal protein immobilization, is critical for

ensuring the reproducibility and reliability of the device [45]. This philosophy of using real-time

characterization is central to modern materials science, providing the immediate feedback for

process control and optimization during advanced deposition processes like MOVPE [46].
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2.3.2 High-Throughput Materials and Process Discovery

Recent advances have leveraged SE as a high-throughput discovery tool, particularly when

combined with combinatorial fabrication methods. The "one-sample concept," where lateral

gradients in composition or thickness are created on a single substrate, allows SE mapping

to rapidly survey vast parameter spaces [1]. This strategy has been employed to map the

composition-dependent optical properties of materials like amorphous SiGe:H across their full

range [47] and to identify optimal plasmonic properties in laterally graded Ag-Al alloy �lms

for sensing applications [48]. Furthermore, combinatorial libraries of nanostructures, such as

Ag island �lms, have been used to co-map ellipsometric data and functional performance (e.g.,

SERS activity), unambiguously identifying optimal morphologies for speci�c applications in

a single, variance-minimized experiment [49]. These approaches repurpose ellipsometry as a

'materials-genome' tool, accelerating materials discovery and optimization by directly linking

process parameters to functional optical properties across a sample.

2.3.3 Plasmonic and Nanophotonic Sensing

A common application where SE bridges fabrication and function is in the characterization of

discontinuous metal island �lms, often used for LSPR and SERS. These are typically fabricated

by thermal annealing or dewetting of ultra-thin metal layers [50]. SE has proven indispensable

for tracking this process, correlating e�ective optical constants and LSPR evolution (red-shifts,

broadening) with fabrication parameters like initial thickness and annealing conditions, thus

linking the far-�eld optical response to nanoparticle coarsening and narrowing interparticle gaps.

This correlation extends predictively to near-�eld enhancement phenomena like SERS.

Studies have established that changes in ellipsometric parameters, particularly the derivative

d� =d� or the �-slope, serve as sensitive, non-destructive proxies for SERS hotspot density.

As interparticle gaps narrow during dewetting or annealing towards the optimal regime for

SERS, the phase response (�) steepens, allowing SE to guide substrate fabrication without

requiring direct Raman testing. Furthermore, even nominally isotropic dewetting processes can

induce subtle anisotropy, which SE can detect through emergent directional responses linked to

evolving gap statistics and hot-spot distributions [51]. While stable, discontinuous nanoislands

can exhibit broad plasmon resonances that may limit ultimate sensitivity [52], the optimal SERS

morphology is instead correlated with a high density of sub-10-nm gaps. This understanding

drives advanced fabrication strategies aimed at maximizing hotspot density, such as repeated

solid-state dewetting [53] or dealloying of metal �lms [54].

The sensitivity to adsorption and subtle dielectric changes makes SE valuable in gas and

vapor sensing. SE has been used to track the reversible sorption/desorption cycles and swelling in

composite materials like Pd-�uoropolymer �lms exposed to volatile organic compounds (VOCs),

quantifying changes in thickness and dielectric function [55]. Plasmonic platforms have also been

employed; for instance, sputter-deposited Au nanoparticle arrays were monitored with SE during

cyclohexane vapor exposure, achieving detection thresholds below explosive limits (0.3 vol%) [56].
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Sensitivity can be enhanced by implementing SE in the KR con�guration, leveraging � for more

robust tracking of VOC adsorption on self-assembled nanoparticle �lms [57]. Hybrid systems,

such as Au/ZnO nanostructures, demonstrate synergistic e�ects for hydrogen sensing, where

SE captures plasmon-induced charge transfer dynamics, ampli�ed by UV illumination [58, 59],

while similar principles have been applied to periodic metal nanowire arrays for gas and liquid

sensing [60]. Ellipsometry's capability extends beyond analyte adsorption to monitoring intrinsic

material changes, as shown in real-time tracking of the thermally tunable LSPR associated

with the insulator-to-metal phase transition in Vanadium Dioxide (VO2) nanostructures [61].

Collectively, these examples show how ellipsometry translates molecular interactions and material

phase changes into quantitative optical signals for chemical sensing.

Modern biosensing leverages plasmonic enhancement, building on principles like prism-

coupled SPR [62] and LSPR from nanostructures, whose optical properties are governed by their

size, shape, and dielectric environment [3, 63], with in�uential work comparing the sensitivity of

various SPR architectures [64]. Crucially, SE studies consistently demonstrate that monitoring

the phase change (�) provides superior sensitivity compared to intensity-only SPR re�ectivity,

particularly at low surface coverages [65], a theoretical advantage �rst established in the context

of surface electromagnetic waves [66]. This phase sensitivity advantage has been exploited

in various platforms. Plasmon-enhanced KR ellipsometry con�gurations, sometimes using

nanostructured overlayers such as titania, have achieved real-time protein adsorption monitoring

with detection limits around 40 pg mm�2 , rivaling those of commercial SPR systems [67].

Engineered dielectric stacks supporting Bloch Surface Waves (BSWs), particularly in the UV

range tuned to protein absorption bands, have pushed detection limits further to� 45 pg mm�2

[68]. Another successful approach involves optimizing nanostructure geometry, such as using

partially embedded GNPs, which demonstrated antibody detection at 8 pM [69]. These examples

highlight the synergy between engineered nanophotonic structures and ellipsometry's phase-

resolved readout in advancing label-free biosensing. The principles are also translatable from

other assay formats, suggesting SE could report on binding events observed in aggregation-based

assays like those used for cancer biomarker detection [70]. Alternative platforms, such as those

using BSWs, have further pushed LODs to 6:5 � 10�7 RIU/Hz 1/2 [71]. While these ellipsometric

results are impressive, the broader �eld of plasmonic assays now achieves attogram-to-zeptomolar

LODs for targets such as endotoxins and circulating tumor markers [72, 73].

2.3.4 Probing Fundamental Nanoscale Physics

SE's applications extend to probing fundamental physics and enabling novel device concepts

in the engineering of collective plasmonic e�ects. For instance, work on the hybridization of

localized and lattice resonances in nanoparticle arrays can produce ultra-narrow, high-Q optical

responses, a phenomenon ideally suited for high-sensitivity ellipsometric readouts [74]. In the

speci�c area of low-dimensional hybrids, graphene was transferred onto Au nanoparticle arrays

and used ellipsometry to quantify exciton-plasmon coupling [75], while parallel extension of the

approach to MoS2/Au heterostructures, demonstrating hybridization-plasmon states observable
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in 	-� spectra [ 76]. The graphene oxide-Ag composites were further probed, extracting both

plasmonic quality factors and chemical functional-group signatures from ellipsometric �ts [77].

These examples underscore ellipsometry's unique capacity to probe coupling phenomena in

plasmon-2D heterostructures. The fabrication of such high-quality interfaces is itself a critical

challenge, which has been addressed by novel bottom-up growth methods [78].

SE is also critically positioned to probe more advanced plasmonic functionalities, such as the

non-radiative decay of plasmons that generates energetic 'hot' electrons, a process that enables

photocatalysis and below-bandgap photodetection, summarized in comprehensive reviews of

the �eld [ 79, 80]. This research area has been driven by the potential to control chemical

reactions with light, though the science remains an area of active debate regarding the complex

interplay of thermal versus non-thermal electronic e�ects at the nanoscale [32, 81]. In a landmark

demonstration contributing to this debate, it has been shown that SE can directly probe the

non-thermal distributions of these hot carriers near the metal surface, expanding its role from a

structural probe to a tool for investigating ultrafast electronic phenomena at interfaces [82]. Its

power extends to fundamental solid-state physics, where temperature-dependent SE can resolve

the distinct dielectric functions and interband critical points associated with di�erent crystal

symmetries, such as the monoclinic and orthorhombic phases in strained ferroelectric thin �lms

[29].

2.3.5 Engineering Performance: Materials, Stability, and Limits

Material choice underscores SE's diagnostic leverage. While silver can provide narrower plasmon

resonances than gold, it often su�ers from poorer chemical stability. The choice of material

extends beyond this traditional trade-o�, with theoretical studies highlighting aluminum as a

promising alternative for speci�c applications. Numerical simulations have shown that aluminum

nanoparticles possess a higher �gure of merit for sensing in the deep-UV, making them a low-cost,

CMOS-compatible material ideal for applications targeting the absorption bands of biomolecules

[83]. Material selection extends to alloying, such as using embedded Au-Ag nanoparticles

capped with h-BN to balance sensitivity and stability; this approach has been used to verify

performance advantages and achieve protein detection limits as low as 4.2 pM with refractive

index resolutions down to 4:62 � 10�7 RIU [84].

A complementary route to strong near �elds is to fabricate plasmonic-composite �lms, where

SE is among the few non-destructive probes that can quantify both their structure and functional

response. Recognizing that nanoporous architectures are mechanically and chemically vulnerable,

for instance, studies have shown that passivating nanoporous Au with ultrathin Al2O3 can

preserve resonance positions and Q-factors even after thermal cycling to 900� C, providing

evidence that stability layers can maintain the phase-steep operating points required for sensing

[85]. In related work, the plasmon resonance of porous GNPs has been precisely tuned by coating

them with mixed alumina-titania shells via ALD [86]. Related composite strategies illustrate

the sensitivity-stability balance from another angle; by embedding Au nanoparticles in alumina,

SE has been used to quantify refractive-index sensitivities while showing that the dielectric
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matrix holds linewidths and baselines within design bounds, preserving useful �-leverage under

environmental stress [87].

Beyond direct process monitoring, ellipsometry, often in the form of scatterometry (its appli-

cation to periodic structures), has become deeply integrated with formal metrology, particularly

in semiconductor fabrication. It serves as a key technique for traceable, critical-dimension (CD)

metrology, with international research collaborations establishing reference standards and proto-

cols to bridge the gap between optical and physical measurements [88, 89, 90]. Achieving this

metrological rigor relies heavily on advanced optical modeling, veri�cation protocols, and highly

optimized numerical solvers capable of handling complex geometries and rapidly computing

parameter derivatives to enable accurate inverse problem solutions [91, 92]. Ellipsometry's role

as a workhorse for industrial quality control, monitoring processes like etching and deposition

with sub-monolayer sensitivity, was recognized early on [7]. Ongoing developments, such as

Fourier ellipsometry for rapid, phase-sensitive mapping, continue to push the technique towards

the high-throughput capabilities demanded by industry, elevating SE from a research tool to a

metrology-grade technique [91]. Underneath such optimization lie the fundamental fabrication

'rules and recipes' for producing low-loss Au �lms, where SE is repeatedly used as a process-

control gate to verify density (from � 1), loss (� 2), and surface/roughness surrogates, parameters

that ultimately set plasmon linewidth and baseline drift. The implication is direct: without

ellipsometric QA, the same nominal �lm can miss the target linewidth by a factor of two [93].

Beyond planar wafers, ellipsometric phase sensitivity has been exported into non-planar

geometries such as side-polished �bers coated with an AZO/Au bilayer [94]. In such systems,

SE can be used to characterize the guided-mode/plasmon hybrid and identify sharp phase

resonances suitable for compact instruments. This is more than a curiosity: it demonstrates

that if a biosensor must operate in the �eld, the ellipsometric 'phase-steep' advantage can be

engineered into a �ber geometry and veri�ed again by SE before deployment. Despite these

advances, practical challenges persist. Biosensors operating in complex matrices like urine

or blood have been shown to su�er from degraded sensitivity due to nonspeci�c adsorption

and background noise [95]. Similarly, gas sensors validated under controlled conditions may

show reduced performance in �uctuating humidity and multi-analyte environments. These

issues highlight the importance of not only pushing absolute LODs lower but also ensuring

reproducibility, speci�city, and stability in real-world applications. As the �eld successfully

pushes detection limits toward their fundamental boundaries, a more critical perspective on the

practical meaning of these metrics becomes necessary.

Recent analyses have brought attention to an emerging "LOD paradox," which argues that

the single-minded pursuit of a lower number is not always better. For a sensor to be translated

from the laboratory to a clinical or �eld setting, other performance characteristics such as the

limit of quantitation (LOQ), the linear dynamic range, and overall robustness are often far

more critical than the absolute LOD. A sensor that is over-optimized for LOD may su�er from

a narrow working range or poor performance in real-world matrices, highlighting the crucial

di�erence between a laboratory curiosity and a truly e�ective analytical tool [96].
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2.4 Identifying the Research Gap

Despite this clear maturity and demonstrated power, a critical examination of the extensive

literature reveals persistent gaps between the technique's potential and its systematic application

in engineering optimized and reliable plasmonic sensors. The �eld is characterized by remarkable,

yet often isolated, demonstrations of high sensitivity. A holistic and predictive framework that

seamlessly connects the intricacies of nanofabrication, the necessity of rigorous optical modeling,

and the validation of �nal device performance remains underdeveloped. The research presented

in this thesis is conceived as a direct and comprehensive response to these speci�c, interconnected

shortcomings, aiming to bridge the gap between phenomenological observation and predictive

engineering.

A primary challenge in the design of sensors based on non-periodic nanostructures, such as

those formed by the thermal dewetting of thin metal �lms, is the inherent and often complex

trade-o� between sensitivity and stability. As established in our review, the literature consistently

shows that the highest sensitivity, characterized by a steep response of the ellipsometric phase

(�) to changes in the local environment, occurs when the nanoparticle morphology approaches

the electrical percolation threshold (Section 2.3.1) [38]. In this critical regime, the narrowing

inter-particle gaps give rise to strong near-�eld electromagnetic coupling, which dramatically

ampli�es the optical response [52]. This principle is now so well understood that it is actively used

to pre-screen substrates, where the ellipsometric response can reliably predict the potential for

SERS enhancement (Section 2.3.3) [51]. Yet, it is precisely these near-percolation structures that

are often the least stable, highly susceptible to morphological changes from thermal �uctuations

or chemical interactions. This vulnerability, as noted in Section 2.3.5, has been directly addressed

through material engineering; for example, by passivating porous GNPs with ultrathin Al2O3

layers, a strategy that has been shown to preserve their desirable plasmonic properties even after

thermal cycling to � 900 � C [85]. This necessitates a systematic methodology for navigating

the vast parameter space of nanoparticle geometry to identify architectures that balance peak

performance with operational robustness, overcoming the slow, iterative bottleneck of traditional

fabrication and accounting for inevitable run-to-run variations.

This challenge is further complicated by the fact that the underlying physical mechanisms

of di�erent sensing modalities place disparate demands on the optimal nanostructure. SERS,

for instance, is a quintessential near-�eld e�ect that relies on the generation of intense, highly

localized electromagnetic "hot spots" found within nm and even sub-nm scale gaps [4]. In stark

contrast, sensing based on LSPR, which transduces a change in the bulk refractive index of the

surrounding medium, often bene�ts from maximizing the overall plasmonically active surface

area to increase the total interaction volume between the analyte and the evanescent �eld [3].

This distinction is ampli�ed by the presence of the substrate itself, which can signi�cantly

depress the refractive index sensitivity by pulling the near-�eld into the support material, an

e�ect that is strongly dependent on the nanoparticle's shape and contact area [97]. Although

combinatorial methods, as highlighted in Section 2.3.2, have been used to co-map SERS and
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optical properties on a single sample [49], a systematic investigation to determine if the optimal

morphologies for these two distinct mechanisms are the same, and a high-throughput method

to e�ciently �nd these potentially divergent optima, remains a critical unaddressed question in

the rational design of multifunctional plasmonic sensors. Figure 2.4 qualitatively illustrates this

fundamental physical di�erence, contrasting the con�ned near-�eld of LSPR (which governs

SERS) with the extended evanescent �eld of a surface plasmon polariton (SPP), which is

exploited in bulk refractive index sensing.

Figure 2.4: Qualitative comparison of �eld distributions for SPP and Localized LSPR modes.
The SPP mode exhibits an evanescent �eld extending hundreds of nms above a continuous
metal surface, while the LSPR mode con�nes the �eld to tens of nms around each nanoparticle.
Field contours indicate qualitative intensity pro�les.

As research progresses toward more complex, ordered nanostructures, such as plasmonic

gratings, the central challenge shifts from managing statistical disorder to ensuring interpretive

accuracy. For SE to serve as a true metrology tool capable of characterizing CDs with sub-nm

precision, the experimental data must be interpreted with a physically faithful optical model.

Without this, the rational, 'inverse design' of high-performance periodic structures�where a

desired optical response can be targeted�is not possible. However, as established in our review

of modeling frameworks (Section 2.2), the �eld has often relied on simpli�ed EMAs, whose

theoretical foundations were established decades ago [21]. While computationally convenient,

cautionary studies have repeatedly demonstrated that such homogenization theories are funda-

mentally inadequate for describing sparse nanoparticle layers where interparticle coupling and

substrate e�ects dominate [10]. Furthermore, they fail for periodic structures where di�ractive

e�ects are signi�cant, necessitating more rigorous approaches [26]. The availability of advanced

electromagnetic solvers, built upon a rigorous mathematical framework of mode-expansion

methods like RCWA [30], and direct solvers like the FEM [92], provides a clear pathway to

accurate modeling and has been successfully used to create quantitative forward models for the

SE response of complex gratings [98]. Nevertheless, there remains a gap in the literature in

the form of clear, practical demonstrations that directly contrast the results of these rigorous

computational methods with traditional EMA for complex plasmonic gratings. Without such

direct comparisons, the limitations of older models may not be fully appreciated, hindering the

adoption of best practices required for achieving true metrological precision.
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Finally, a persistent disconnect exists between the fabrication process and the functional

performance of the �nal device. SE has long been established as a mature in-situ process monitor

(Section 2.3.1), capable of tracking thin-�lm growth and morphological evolution with exquisite,

real-time precision [40]. The philosophy of combinatorial materials science (Section 2.3.2),

which utilizes a "one-sample concept" to rapidly map process parameters to material properties

across a single substrate [1], has also been successfully integrated with scanning ellipsometry

to characterize complex graded alloy �lms for plasmonic applications [48]. What's missing,

however, is the �nal and most critical step: creating a complete, traceable, and predictive

loop that connects the rich data stream from in-situ process monitoring and high-throughput

combinatorial screening directly to the �nal, validated performance metrics of a sensing device,

such as its LOD. Indeed, the proper de�nition and application of such performance metrics is

itself a critical challenge, echoing the 'LOD paradox' that concluded our applications review

(Section 2.3.5), and must be balanced against considerations of dynamic range, robustness, and

statistical validity to be meaningful for real-world applications [96]. Without this closed loop,

sensor development remains a largely iterative, trial-and-error process, rather than a predictive

engineering discipline grounded in metrological certainty.

Therefore, this thesis addresses a con�uence of unresolved issues at the intersection of

nanofabrication, optical modeling, and sensor engineering. It seeks to replace ad-hoc optimization

with a systematic, combinatorial approach; to substitute inadequate optical models with a

rigorously validated, integrated SE-FEM methodology; and to forge a quantitative, predictive

link from the fundamental parameters of fabrication to the ultimate performance of a device.

In doing so, this work aims to provide a robust and rational framework for the design and

metrology of next-generation plasmonic sensors. By addressing these challenges, this work also

aims to contribute to the broader goal of developing well-characterized, periodic nanostructures

that can serve as testbeds and reference samples for the advancement of other dimensional

optical metrology methods, including novel forms of super-resolution microscopy [11].

Research Gap Identi�ed
(Section: 2.4)

Corresponding Objective
(Section: 1.2)

In

1: Need for a high-throughput, systematic
methodology to navigate the vast parame-
ter space of non-periodic nanostructures.

1: Establish a quantitative, high-
throughput methodology.

Chapter 4

2: Unanswered question of whether near-
�eld (SERS) and far-�eld (LSPR) sensing
require di�erent optimal morphologies.

2: Test the central hypothesis of
divergent optima.

Chapter 4

3: Widespread use of inadequate models
(EMAs) for periodic nanostructures, hin-
dering metrology and predictive design.

3: Validate the superiority of a rig-
orous SE-FEM framework.

Chapter 5

4: Lack of a predictive, quantitative link
from fabrication parameters to the ulti-
mate LOD.

4: Quantify the ultimate limits of
detection and establish a predictive
map.

Chapter 5

Table 2.1: Mapping of Research Gaps to Objectives and Chapters.
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3. Theoretical Background and Experimental Methods

This chapter details the speci�c experimental techniques, instrumentation, optical modeling

strategies, and data analysis work�ows employed in this dissertation to fabricate, characterize,

and analyze the plasmonic nanostructures. Building on the foundational concepts introduced in

Chapters 1 and 2, the focus here is on the practical implementation and theoretical speci�cs

relevant to the results presented in Chapters 4 and 5.

Because SE forms the core analytical technique of this research, this chapter details its

underlying principles, instrumentation, and modeling frameworks. The following sections

establish how ellipsometry measures the change in polarization state (Section 3.1), the hierarchy

of optical models used to interpret this data (Section 3.2), and the quantitative metrics, like

the LOD, used to evaluate sensor performance (Section 3.4). We will cover the core theoretical

principles and the characterization and analysis methodologies employed throughout this work.

The speci�c fabrication procedures for the combinatorial nanoparticle arrays and the periodic

gratings are presented within their respective results chapters (Chapter 4, Section 4.1, and

Chapter 5, Section 5.1, respectively) to provide direct context for those experiments.

3.1 SE: Principles and Theory

Figure 3.1: Measurement principle of ellipsometry parameters 	 (amplitude ratio) and � (phase
shift).

The general principle of SE, illustrated in Figure 3.1, di�ers from intensity-only re�ectom-

etry by simultaneously measuring both the amplitude ratio and phase di�erence of re�ected
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light. SE determines the change in polarization state of a light beam upon re�ection from or

transmission through a sample, providing access to its complex optical response. Depending on

the con�guration, ellipsometry may operate in null, rotating analyzer, rotating compensator,

phase-modulated, or spectroscopic modes.

Throughout this thesis, SE is employed to acquire 	(� ) and �( � ) across a broadband

spectrum, enabling precise determination of �lm thickness, optical constants (n; k), and interface

quality. Its non-destructive nature and picometer-scale phase sensitivity make it ideally suited

for characterizing nanostructured and plasmonic materials. The measured quantities, 	 and �,

are de�ned by the complex Fresnel re�ection ratio, �:

� = r p=rs = tan(	)e i� : (3.1)

Here, rp and r s are the complex re�ection coe�cients for light polarized parallel (p-plane)

and perpendicular (s-plane) to the plane of incidence. tan(	) is the magnitude of the re�ectivity

ratio, and � is the phase shift di�erence between the two components. The power of ellipsometry,

particularly for sensing, stems from the phase parameter �.

Ellipsometry uniquely combines sub-Ångström sensitivity to surface or �lm thickness with

direct access to the complex refractive index. Unlike intensity-only re�ectometry, the simul-

taneous measurement of amplitude (	) and phase (�) encodes both the real and imaginary

components of the dielectric function, enabling the disentangling of morphology, composition,

and interface quality within a single experiment. Its non-destructive nature, high phase precision,

and immunity to ambient intensity drift make it indispensable for characterizing nanostructured

and plasmonic materials, where sub-nm variations produce measurable �-shifts.

Depending on the optical con�guration, ellipsometry can be implemented in several forms:

ˆ Null ellipsometry: the analyzer and compensator are adjusted until the detected

intensity reaches zero;

ˆ Rotating-analyzer or rotating-compensator SE: modulates polarization over a

broadband spectrum (used throughout this work);

ˆ Phase-modulated ellipsometry: employs a photoelastic modulator for high-frequency

phase detection; and

ˆ Imaging ellipsometry: combines spatial resolution with polarization analysis.

Each con�guration measures 	 and � with di�erent precision�speed trade-o�s, but all share

the same fundamental observable, �.

In SE, 	 and � are acquired as a function of wavelength, providing a rich dataset (an

example is shown in Figure 3.2) that enables the determination of multiple sample properties

like �lm thickness and optical constants through model-based analysis.
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