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Abstract: Spectroscopic ellipsometry (SE), a non-invasive optical technique, is a powerful tool for
characterizing surfaces, interfaces, and thin films. By analyzing the change in the polarization state of
light upon reflection or transmission through a sample, ellipsometry provides essential parameters
such as thin film thickness (t) and optical constants (n, k). This review article discusses the principles
of ellipsometry, including the measurement of key values ∆ and Ψ, and the complex quantity ρ.
The article also presents the Fresnel equations for s and p polarizations and the importance of
oblique angles of incidence in ellipsometry. Data analysis in ellipsometry is explored, including the
determination of bandgap and data referencing the electrical properties of materials. The article
emphasizes the importance of choosing the appropriate models to fit ellipsometric data accurately,
with examples of the Cauchy and Lorentz models. Additionally, the Kramers–Kronig relations are
introduced, illustrating the connection between real and imaginary components of optical constants.
The review underscores the significance of ellipsometry as a non-destructive and versatile technique
for material characterization across a wide range of applications.
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1. Introduction

In the vast field of optical characterization, spectroscopic ellipsometry (SE) emerges
as a potent and indispensable technique. It plays a critical role in revealing the optical
properties and thicknesses of various materials, with widespread applications spanning a
myriad of scientific areas. This review is deliberately designed to be an initial overview of
SE, targeting principally those who are new or nurturing a growing interest in SE. The goal
is to elucidate its basic principles, methodologies, and diverse applications.

We have incorporated references to detailed reviews authored by esteemed experts in
the field of SE (see, for example [1,2]). This inclusion is meticulously designed for readers
who aspire to a profound and advanced understanding of SE technique.

2. Theoretical Foundations of Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE), a non-invasive optical technique, plays a crucial
role in characterizing surfaces, interfaces, and thin films. By analyzing the change in the
polarization state of light upon reflection or transmission through a sample, ellipsometry
derives essential parameters like thin film thickness (t) and optical constants (n, k) from the
measurement. The technique derives information from each layer that interacts with the
incident light beam. The name “ellipsometry” stems from the fact that polarized light often
becomes elliptical after reflection [3].
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Two key values, ∆ and Ψ, are measured by ellipsometry. These quantities are depen-
dent on wavelength and angle of incidence, and are defined as follows [4]:

tanψ =
|Rp|
|Rs| (1)

∆ = δp − δs (2)

Ψ represents the angle whose tangent gives the ratio of amplitude attenuation (or magni-
fication) upon reflection for p and s polarizations, with values ranging from zero to 90◦.
On the other hand, ∆ represents the difference between the phase shifts experienced upon
reflection by p and s polarizations, with values ranging from zero to 360◦. Here, p and s
refer to the plane of incidence and the direction perpendicular to it, respectively.

The complex quantity ρ, defined as the complex ratio of the total reflection coefficients,
plays a critical role [5].

ρ = tan(ψ)ei∆ =
R̃p

R̃s
(3)

The capital R implies that the actual material structure can be multilayered and/or
multicomponent, making it possible to analyze rough surfaces, interfaces, and layers
containing material mixtures [6].

The simplest ellipsometry systems are depicted in Figures 1 and 2 [7,8].
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Figure 1. Ellipsometry system [7].
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In Figure 1 an elliptically polarized light beam hits the sample surface at a certain
angle. Its polarization is decomposed into a p component, parallel to the plane of incidence
and an s component perpendicular to the plane of incidence. The change in polarization of
the reflected ray is measured by analyzing its s and p components.

In Figure 2 is shown a linearly polarized monochromatic light beam incident on a
sample at an angle φ to the normal. The light polarization can be considered to have vector
components in the plane of incidence (p polarization) and a component s perpendicular to
it. By applying Maxwell’s equations to the boundary between the sample and the incident
medium, we derive the Fresnel equations for s and p polarizations determined in (4) [8]:

rp =
ncosϕ− n0cosϕ′

ncosϕ + n0cosϕ′
Ep

Re f

Ep
In (4)

rs =
n0cosϕ− ncosϕ′

n0cosϕ + ncosϕ′
Es

Re f

Es
In

Here, E represents the electric field strength for the incident or reflected waves, and
n and n0 are the complex indices of refraction of the sample and the incident medium,
respectively. The imaginary part of n is k, the extinction coefficient. The internal angle φ is
related to φ’ by Snell’s law:

n0sinφ = nsinφ′ (5)

Ellipsometry measures the ratio defined as:

ρ = tan(ψ)ei∆ =
Rp

Rs
(6)

Inverting Equations (4)–(6) gives:

n = n0tanϕ

√
1− 4ρ(1 + ρ)−2sin2 ϕ (7)

Since inverting the Fresnel equations for real systems can be challenging, one approach
used for materials analysis by ellipsometry is to experimentally acquire ψ and ∆ over a
wide range of wavelengths and angles of incidence ϕ. These data can then be compared
with ψ and ∆ calculated for an assumed model for the material under study [8].

Ellipsometry measurements are typically acquired at oblique angles of incidence,
usually ranging from 45◦ to 80◦ with respect to the sample’s surface normal. For instance,
when polarized light reflects from an isotropic material, the s-polarized light increases with
the angle of incidence, while the p-polarized light goes through a minimum at the Brewster
angle before climbing back up, as shown in Figure 3 for a coated glass slide.
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The Fresnel equations predict that light with p polarization will not be reflected if the
angle of incidence is

θB = arctan
(

n2

n1

)
(8)

where n1 is the refractive index of the incident medium, and n2 is the index of the other
medium. The equation described herein is known as Brewster’s law, and the specific angle
it defines is referred to as Brewster’s angle.

Although modern ellipsometers include a compensator, allowing precise measure-
ments over a wide range of angles, it is still essential to use oblique angles for common
ellipsometry applications, as the change in polarization becomes negligible at angles near
normal incidence [7].

3. Data Analysis

In the study of materials using ultraviolet/visible region measurements, ellipsometry
plays a crucial role in characterizing interband transitions (band structures). Specifically, it
allows us to deduce the bandgap (Eg) by observing the variation of α (absorption coefficient)
with photon energy (hv). In the infrared region, ellipsometry provides valuable insights
into free carrier absorption induced by free electrons or holes in solids. This enables us to
study electrical properties like carrier mobility, carrier concentration, and conductivity [9].
Moreover, ellipsometry in the infrared region allows us to investigate lattice vibration
modes (LO and TO phonons) and local atomic structures [10].

For bulk materials, ellipsometry measurements can provide “pseudo” optical constants
using the following equation [7]:

〈ε̃〉 = sin2(φ)

[
1 + tan2(φ)

(
1− ρ

1 + ρ

)2
]

(9)

However, it is important to note that in actual bulk materials, surface oxide or rough-
ness is typically present, which would influence the inversion of this equation. For more
complex samples, such as those with multiple layers, inhomogeneity, and surface rough-
ness, experimental ellipsometric angles collected at different incidence angles and photon
energies must be compared with those provided by an appropriate model. In Figure 4, a
flow chart detailing the process of ellipsometry data analysis is presented.
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The process begins with the execution of measurements. The model is then used
to calculate the predicted determinations from Fresnel’s equations, which describe each
material’s thickness and optical constants. In cases where these values are unknown, an
estimate is used for preliminary calculations. The generated values(red lines in Figure 4)
are then compared to the experimental data (green lines) using the mean square error (MSE)
as a figure of merit to measure the fit quality [11]. At the end of the process, we observe the
resulting optical constants n and k, depicted in Figure 4 in blue and yellow lines. However,
it’s important to note that other quantities, such as surface roughness, can also be derived
from ellipsometry data.

MSE =

√√√√√√ 1
2N −M ∑N

i=1

((ψi
mod − ψi

exp)
σψ,i

exp

)2

+


(

∆i
mod − ∆i

exp
)

σ∆,i
exp

2 (10)

An additional technique known as effective medium approximation (EMA) allows two
or three materials to combine and form an “effective” mixed layer, providing a way to de-
scribe surface or interfacial roughness, porous layers, and polycrystalline materials [12,13].

SE provides several advantages compared to basic intensity-based measurements. It is
non-contact and non-destructive, and it provides fast data acquisition, making it ideal for
scientific research (ex situ technique) due to its ability to simulate and generate application
models for a wide range of materials, including unknown combinations [14]. However,
there are limitations to consider. The spot size of the light beam used in spectroscopic
ellipsometry is relatively large, leading to low spatial resolution. This makes it challenging
to characterize thin films, specifically, those with thicknesses <10 nm, as the distinction
between layer and substrate becomes difficult. Additionally, measuring at small absorption
coefficients (α < 100 cm−1), especially in the ultraviolet region, presents difficulties. Surface
roughness must be limited to avoid light depolarization and ensure the applicability of
EMA in Bruggeman approximation.

Performing measurements at oblique incidence is necessary, especially in the case
of semiconductors (angles of incidence between 50 and 80◦) [7]. However, optimizing
the incidence angle can be challenging, especially for materials with multiple phases or
amorphous structures. Moreover, thin films must have a uniform thickness for accurate
ellipsometric measurements. When dealing with multilayer samples, having some prior
knowledge of optical constants is beneficial for the initial iteration, as using dielectric
functions becomes more complex.

In cases where questionable results are obtained from ellipsometric modeling, corrob-
orating the findings with data from other experiments, such as atomic-force microscopy or
XRD, is advisable. This approach ensures a more robust and reliable material characterization.

4. Interaction of Light and Materials
4.1. Index of Refraction

The electromagnetic wave is characterized by both electric and magnetic field vectors
that are mutually perpendicular and perpendicular to the direction of wave propagation.
While it can be represented using either the magnetic or electric field vector, for simplicity,
we will focus on the electric vector. Mathematically, the light wave can be described as
follows [3]:

A = A0sin
(
−2π

λ
(x− vt) + ξ

)
(11)

Here, A represents the electric field strength at any given time or place, with A0
denoting the maximum field strength, known as the “amplitude.” The variables x, t, v, λ,
and ξ represent the distance along the wave’s direction of travel, time, velocity of light,
wavelength, and an arbitrary phase angle, respectively.

In Figure 5, an electromagnetic wave is depicted.
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The complex index of refraction Ñ is a parameter used to describe the interaction of
light with materials. It comprises a real part (n) and an imaginary part (k), given as

Ñ = n− ik (12)

The real part (n) is often referred to as the “index of refraction,” while the imaginary
part (k) is known as the “extinction coefficient.” For dielectric materials like glass, the
extinction coefficient (k) is zero, and we focus solely on the index of refraction (n). The
velocity of light (c) in a vacuum is approximately 3.00 × 108 m/s. However, when light
enters a different medium, its velocity (v) changes, and the refractive index (n) is defined as
the ratio between the speed of light in a vacuum and its speed in the material, i.e.,

n =
c
v

(13)

Transparent media entirely rely on the refractive index (n) to determine the prop-
agation of electromagnetic waves. Nevertheless, there are materials where strong light
absorption occurs, and the refractive index (n) alone cannot explain this phenomenon. This
is where the extinction coefficient (k) comes into play, which indicates how rapidly the
intensity decreases as light travels through the material [3].

The imaginary part of the complex index (the extinction coefficient, k) plays a crucial
role in determining the behavior of light in an absorbing medium. If the extinction coeffi-
cient (k) is non-zero, the wave’s amplitude will exponentially decay as it propagates along
the z-direction. This decay is described by the following expression [15]:

E ∝ e−
2πkz

λ (14)

where z represents the distance of propagation and λ denotes the wavelength, both mea-
sured in length units. The wave will decay to 1/e of its original amplitude after propagating
a distance known as the penetration depth (Dp), which is given by (15). Generally, the wave
is considered to be totally absorbed at four penetration depths [3].

Dp =
λ

4πk
(15)

The absorption coefficient (α), which is essential in describing the behavior of light in
an absorbing medium, can be related to the extinction coefficient (k) by the equation

α =
4πk

λ
(16)
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In a medium that absorbs light, the reduction in intensity I per unit length z is directly
proportional to I itself. Mathematically, this relationship is represented by the following
expression [3]:

dI(z)
dz

= −αI(z) (17)

By integrating this equation, we can derive

I(z) = Ioe−αz (18)

where Io is the intensity of the light beam at the medium’s entrance, and α only accounts
for the loss due to absorption.

4.2. Dielectric Function

In the study of materials, one encounters the fascinating concept of the dielectric
function, which characterizes the material’s response to an applied electric field. Let’s delve
into this intriguing phenomenon and explore its various aspects.

Imagine a point inside the material under investigation, where an externally applied

electric field
→
E is present. The polarization field

→
P is an additional electric field induced at

that point by the external field, and is directly proportional to it:

→
P = χ̃εo

→
E (19)

Here, χ̃ is known as the complex electric susceptibility of the material, and εo represents
the free space dielectric constant. By analyzing Maxwell’s equations, we find that the

displacement field
→
D is a sum of the external electric field and the polarization field:

→
D = (1 + χ̃)ε0

→
E (20)

Introducing the concept of the complex dielectric function, denoted as ε̃, we establish
a constant of proportionality between the displacement and electric fields:

ε̃ = (1 + χ̃)ε0 = ε̃rε0 (21)

where ε̃ =ε1 − iε2 is the complex dielectric constant of the material, and ε̃r represents
the complex relative dielectric constant. This leads us to the relationship between the
displacement and external electric fields:

→
D = ε̃

→
E (22)

It is important to consider the isotropic response of the material to the applied field,
where the behavior is equal in all directions. However, for materials with non-cubic
symmetry, the complex scalar dielectric function in Equation (22) must be replaced with a
3 × 3 tensor dielectric function.

The complex index of refraction Ñ is closely related to the complex dielectric function
ε̃ [15].

N2 = ε̃ (23)

Specifically, the real part of the dielectric constant (ε1) and the extinction coefficient
(ε2) can be derived from N as follows:

ε1 = n2 − k2 (24)

ε2 = 2nk
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Finally,

n =

[
ε1+(ε2

1+ε2
2)

1
2

2

] 1
2

k =

[
−ε1+(ε2

1+ε2
2)

1
2

2

] 1
2

(25)

5. Model of Dielectric Functions

The optical constants n and k, representing the refractive index and the extinction
coefficient, respectively, exhibit a wavelength-dependent behavior known as dispersion.
In the UV-VIS-NIR range of the electromagnetic spectrum, which is of great interest for
spectroscopic ellipsometry, n and k can display complex and intricate variations. While
experimental data can be fitted by adjusting n and k values at each wavelength, the modern
approach in spectroscopic ellipsometry aims to obtain physically reasonable dispersion
models for n and k.

In our manuscript, we predominantly focus on the Cauchy and Lorentz optical models.
However, it is essential for readers to note that the field of SE is not confined to these
models. There are advanced models which provide detailed insights into various types
of materials. For instance, the Tauc–Lorentz and Cody–Lorentz models are designed
for amorphous materials. Moreover, other sophisticated models, like the critical points
model, the effective medium approximations (EMA), and the Gaussian model are pivotal
in deepening our understanding of various other material types, including direct transition
semiconductors, composite materials, and disordered systems. These models are tailored
for advanced, specialized analysis and contribute to a more profound comprehension of
material properties and behaviors. For a more exhaustive exploration of these optical
models, we urge readers to delve into specialized literature and resources in the field of SE
(See, for example, a detailed discussion of these models in Ref. [7]).

5.1. Cauchy Model

In cases where the dielectric function of a sample is unknown, it becomes essential
to model it using an appropriate approach based on the sample’s optical properties. For
transparent materials with a negligible extinction coefficient (k~0, or very small), the Cauchy
and the Sellmeier dispersion models are commonly used. This model describes the index
of refraction, n(λ), with the Cauchy expression, as follows:

n(λ) = A +
B
λ2 +

C
λ4 (26)

Alternatively, the “Cauchy–Urbach “model provides a second formulation of the
Cauchy model, one which is more suitable for weakly absorbing materials. This model
incorporates an exponential absorption tail with the following equation:

k(λ) = αeβ(1.24µm( 1
λ−

1
γ )) (27)

The six parameters in this dispersion model are A, B, C, the amplitude α, the exponent
factor β, and the band edge γ.

While this approach is useful for transparent or nearly transparent materials exhibiting
slight absorption at the UV-end of the spectral range, it is less effective for materials
with significant absorption, especially if there is an absorption band within the range of
interest. Additionally, for metals and semiconductors, Cauchy’s formulation lacks physical
significance, and these empirical relations are not consistent with the Kramers–Kronig
relations [16].

In addition, when encountering materials with substantial absorption bands in the
spectral range, particularly those due to molecular vibrations (e.g., C=O stretch) in the in-
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frared or electronic vibrations in the ultraviolet, the Cauchy expression alone is inadequate
to describe their optical properties.

In such cases, the Lorentz model emerges as a valuable alternative, offering a more
comprehensive description of the material’s optical behavior. The Lorentz model accounts
for the presence of absorption bands and enables a better representation of the optical
constants, together with increased accuracy. By employing a physically meaningful model,
spectroscopic ellipsometry can provide deeper insights into the behavior of materials and
enable more reliable material characterizations for a wide range of applications.

5.2. Lorentz Model

The Lorentz model presents an analogy in which an atom contains electrons that are
bound to the nucleus, much as a small mass can be bound to a larger mass by a spring. The
equation of motion for an electron bound to the nucleus is described as follows [17]:

m
d2→r
dt2 + mΓ

d
→
r

dt
+ mω2

0
→
r = −e

→
E (28)

In this equation, m represents the electronic mass, e is the magnitude of electronic

charge, and
→
E is the local electric field acting on the electron as a driving force. The term

mΓ d
→
r

dt accounts for viscous damping, which serves as an energy loss mechanism. In a
free atom, this loss mechanism is radiation damping, but in a solid, it arises from various
scattering mechanisms. Additionally, the term mω2

o
→
r is a restoring force governed by

Hooke’s law.
However, there are two approximations made in the standard model expressed in

(28). Firstly, the nucleus is assumed to have infinite mass, which implies the use of reduced
mass should this not be the case. Secondly, a small force arising from the interaction of
the electron with the magnetic field of the light wave is neglected due to the electron’s
relatively small velocity compared to the speed of light, making it negligible.

The solution to (28) is

r̂ =
−e
→
E/m

(ω02 −ω2)− iΓω
(29)

and the induced dipole moment can be expressed as

p̂ =
e2

m
E

1
(ω02 −ω2)− iΓω

(30)

In this context, we consider the displacement r̂ to be small enough to establish a linear
correlation between p̂ and E, one represented by the following equation:

p̂ = α̂(ω)E (31)

Here, α̂(ω) signifies the atomic polarizability, which varies with frequency.
The polarizability is complex because it includes a damping term, resulting in polar-

ization that differs in phase from the local field at all frequencies.

α̂(ω) =
e2

m
1

(ω02 −ω2)− iΓω
(32)

The complex dielectric constant is given by

ε̂ = 1 + 4πNα̂ (33)

(N atoms per unit volume).



Spectrosc. J. 2023, 1 172

Using (32) in (33), the complex dielectric constant becomes

ε̂ = 1 +
4πNe2

m
1

(ω02 −ω2)− iΓω
(34)

Equation (34) can be separated into its real and imaginary parts using (24):

ε1(ω) = n2 − k2 = 1 +
4πNe2

m

(
ω2

0 −ω2)(
ω2

0 −ω2
)2

+ Γ2ω2
(35)

ε2(ω) = 2nk =
4πNe2

m
Γω(

ω2
0 −ω2

)2
+ Γ2ω2

(36)

For normal atoms containing more than one electron per atom, the previous results can
be extended. By considering the density of electrons bound Nj with resonance frequency
ω j, we can obtain a more comprehensive model.

ε̂ = 1 +
4πNe2

m ∑j

Nj(
ωj

2 −ω2
)
− iΓjω

(37)

∑
j

Nj =N

We can also derive the expressions of n and k in terms of ε1 and ε2:

n =

√
1
2

[(
ε2

1 + ε2
2
) 1

2 + ε1

]
; k =

√
1
2

[(
ε2

1 + ε2
2
) 1

2 − ε1

]
(38)

Real materials comprise a collection of oscillators grouped together in the ultraviolet
(UV), visible (VIS), and infrared (IR) ranges. The Lorentz oscillator models provide valuable
insights into the qualitative aspects of insulators, semiconductors, and conductors by
identifying the resonant frequency in the spectral range. The resonant frequency ω0 is
related to the optical band gap (Eg), where h̄ω0 ∼= Eg [11].

For insulators or dielectrics, ω0 lies in the UV range.
Semiconductors require multiple oscillators to be adequately modeled, with ω0 being

close to or within the visible range. The extinction coefficient (k) for semiconductors is
small, but nonzero.

As for metals, a great number of conductors exist in which electrons are not bound
to specific atoms or locations within the material. These free carriers exhibit distinctive
optical absorption, which can be derived by solving for the trajectories of free carriers
under the influence of a driving electromagnetic field. Metals can be approximated by the
Drude model, a modification of the Lorentz oscillator, in which ω0 tends to zero due to the
negligible restoring force resulting from the absence of a bandgap. The Fermi energy for
metals lies within one of the electron energy bands.

6. Kramers–Kronig Relationships

In the field of optical phenomena, the real and imaginary components of the complex
index of refraction and complex dielectric function are inherently interconnected, and not
independent entities. The Kramers–Kronig relations [16] offer a fundamental connection
between these two aspects, one arising from the fundamental principle that a material
cannot instantaneously respond to an applied electric field before the field is actually
applied. These relationships can be expressed mathematically as follows:

n(E)− 1 =
2
π

P
∫ ∞

0

E′k(E′)
E′2 − E2

dE′ (39)
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ε1(E)− 1 =
2
π

P
∫ ∞

0

E′ε2(E′)
E′2 − E2

dE′ (40)

In this context, the Lorentz oscillator stands as a model that satisfies Kramers–Kronig
consistency, whereas the Cauchy and Urbach relationships remain phenomenological and
lack Kramers–Kronig consistency.

7. Applications of Spectroscopic Ellipsometry in Material Science

Spectroscopic ellipsometry has found widespread applications in material science due
to its versatility, precision, and non-destructive nature. This section highlights some of the
key applications of ellipsometry in various domains of material science, including semicon-
ductor technology, thin film characterization, surface science, and biomaterial analysis.

7.1. Semiconductor Technology

In semiconductor research and device fabrication, ellipsometry plays a pivotal role in
determining critical parameters such as layer thickness, composition, and optical properties.
It is an indispensable tool for quality control and process monitoring in the semiconductor
industry. One of the primary applications of ellipsometry in this field is the characterization
of epitaxial thin films [18]. By analyzing the oscillations in ellipsometric parameters,
researchers can precisely determine the thickness and interface roughness of thin layers
grown on a substrate.

Ellipsometry is also extensively used for the investigation of doping profiles in semi-
conductors [19]. The incorporation of dopant atoms alters the material’s dielectric function,
leading to changes in the ellipsometric parameters. This enables researchers to deduce
the concentration and depth distribution of dopants, which is critical for designing and
optimizing semiconductor devices. This technique introduces dopants into a semiconduc-
tor, thereby modulating its electrical properties. However, ion implantation is not without
its challenges; it can induce a range of forms of lattice damage, including point defects,
dislocations, and, in extreme cases, even amorphization.

Erman et al. [20] studied the dielectric functions of ion-implanted GaAs layers. The
authors introduce the harmonic oscillator approximation as an analytical framework to de-
scribe these functions. This innovative approach enables the non-destructive determination
of damage profiles in ion-implanted materials, thereby providing a robust tool for quality
control in semiconductor fabrication.

Ref. [21] demonstrates how ellipsometry can be adapted to study ion-implanted silicon
wafers. The authors elucidate the changes in ellipsometric parameters that occur due to
ion implantation, as well as the subsequent annealing processes, thereby highlighting the
versatility of ellipsometry in studying a range of semiconductor conditions and treatments.

SE was also used to examine the damage profiles in silicon specimens implanted with
P+, BF2+, As+, and B+ ions [22]. The effective dielectric functions of the layers subjected to
damage are determined employing Bruggeman’s effective medium approximation. This
approach is based on the assumption that the optical representation of the damaged layer
is a combination of crystalline and amorphous silicon. The model’s accuracy is enhanced
by selectively employing the dielectric function of either implanted or relaxed amorphous
silicon as reference data for the amorphous silicon, offering a more precise representation
and analysis.

Ellipsometry studies on implanted crystalline substrates highlight the transformation
of these substrates into an amorphous state, given the stark difference in optical properties
between crystalline and amorphous mediums. Traditional models suggest that this amor-
phization from ion beams results either from a phase transition due to a high concentration
of point defects introduced by individual ions or from the merging of isolated damaged
regions. The exact mechanisms of amorphization through ion implantation, however,
remain a topic of active research [23].



Spectrosc. J. 2023, 1 174

7.2. Thin Film Characterization

Thin films find applications in various industries, including microelectronics, photo-
voltaics, optical coatings, and sensors. Accurate characterization of a thin film’s properties
is crucial for tailoring its performance to specific applications. Ellipsometry provides a non-
destructive means of determining a thin film’s thickness, refractive index, and extinction
coefficient [24].

In the field of microelectronics, ellipsometry is employed to analyze the dielectric
properties of gate oxides and passivation layers. For photovoltaic applications, it helps
optimize the anti-reflective coatings [25] and measure the thickness and optical constants of
different layers in solar cells [26]. Additionally, ellipsometry is widely used in the analysis
of organic thin films and the investigation of organic light-emitting diodes (OLEDs) [27].

7.3. Surface Science

Surface properties significantly influence the behavior of materials, especially at the
nanoscale. Ellipsometry provides valuable information about surface roughness, adlayer
formation, and surface chemistry [9,28]. It is employed in studying self-assembled mono-
layers (SAMs) on various substrates [29], which finds applications in nanotechnology,
biosensors, and corrosion protection [30].

Ellipsometry is also utilized for characterizing biomolecular interactions at interfaces,
such as protein adsorption on surfaces [31]. The real-time monitoring capability of ellip-
sometry allows researchers to study kinetic binding processes, making it an invaluable tool
in biomaterial analysis, as will be discussed in Section 7.8.

7.4. Optical Constants and Dielectric Function

Accurate knowledge of the optical constants (refractive index and extinction coeffi-
cient) and the dielectric function of materials is essential for designing optical devices and
understanding light–matter interactions. SE enables the determination of these parameters
over a broad spectral range [32].

By applying models such as the Cauchy or Lorentz dispersion models, ellipsometry can
describe the wavelength-dependent behavior of materials. The obtained optical constants
can be used to calculate other material properties, such as the bandgap of semiconductors
or the plasmonic resonance of metallic nanoparticles [33,34].

7.5. Mueller-Matrix Spectroscopic Ellipsometry

Anisotropic materials are distinguished by their inherent ability to display varied
optical properties along different crystallographic directions. This unique optical behavior
is a consequence of the specific structural or molecular orientation within the material. For
example, in certain crystals, the distinct arrangement of atoms along various axes results in
individual refractive indices for each axis.

SE, and more specifically, Mueller-matrix spectroscopic ellipsometry (MMSE), has
emerged as a pivotal tool in the study of these materials [35]. MMSE is an advanced optical
characterization technique that offers a 4 × 4 Mueller matrix of a sample. This matrix is
instrumental in determining the changes in the state of polarization when light interacts
with the sample. The comprehensive nature of the Mueller matrix, accounting for both
intensity and polarization changes, makes MMSE especially adept for the study of intricate
optical phenomena, such as those presented by anisotropic materials.

The strength of MMSE in studying anisotropy lies in its capability to measure the
complete polarization state of light after its interaction with a sample. When polarized light
encounters an anisotropic material, its polarization state undergoes complex alterations,
which is contingent on the optical properties of the material and the angle of light incidence.

Materials with low dimensions, like 2D materials and quasi-1D crystals, frequently
showcase pronounced optical anisotropy. This is often attributed to asymmetries in their
lattice structures or their dimensional scales. Moreover, MMSE offers valuable insights
into the optical properties of a range of anisotropic materials. This includes understanding
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phenomena like birefringence in flexible polymeric substrates or retardance in liquid
crystals. By meticulously analyzing the data from the Mueller matrix, researchers may
determine factors like the orientation-dependent refractive indices, absorption coefficients,
and even the crystal symmetry inherent to anisotropic materials [36].

7.6. Nanomaterials and Nanostructures

In recent advancements in nanotechnology, the detailed study of nanomaterials and
nanostructures has become a central focus. SE serves as a crucial tool in this area, facilitating
the analysis of the optical properties of nanostructured materials, particularly emphasiz-
ing their size-dependent characteristics [37]. This technique is particularly effective in
analyzing nanoparticle thin films, a significant component in nanotechnology research. It
provides a deep understanding of low-dimensional systems, elucidating the principles
of quantum confinement which are fundamental to altering the properties of nanoscale
materials. Ellipsometry is also helpful in investigating the effects of particle size on the
dielectric response of nanomaterials, a vital factor in the creation of materials for plasmonic
applications [38]. It enables the detailed study of metamaterials, offering insights into
their nanostructures and dielectric properties. SE has also proven to be essential in the
development of detectors with improved accuracy, fostering growth in the field of material
science [39].

7.7. In Situ and Real-Time Monitoring

In many material science applications, it is crucial to monitor processes in real time to
understand the dynamics and kinetics of structural changes. Ellipsometry can be employed
in situ [40] during material growth, deposition, or chemical reactions.

Real-time ellipsometric [41] monitoring enables the determination of growth rates,
layer thickness evolution, and optical property changes as materials undergo transforma-
tions. This capability is highly advantageous in the development of new materials and for
understanding their behavior under various conditions.

7.8. Biomedical Applications of Spectroscopic Ellipsometry

Beyond traditional material science, ellipsometry finds applications in biomedical
research. Its non-invasive nature makes it suitable for studying biological samples with-
out the need for extensive sample preparation [42]. Ellipsometry is used to analyze cell
adhesion, investigate biomolecular interactions, and monitor the formation of biofilms.

In biomedical implants and prosthetics, ellipsometry aids in characterizing surface
coatings to enhance biocompatibility and prevent adverse reactions [43].

SE, known for its precision, is an important tool in the study of biomolecular interac-
tions and the development of new-generation biosensors. Its versatility is evident in its
application across various research topics, including protein adsorption studies, cancer
biomarker detection, and notably, in the ongoing research into COVID-19.

The COVID-19 pandemic has brought a renewed urgency to the field of biomedical
research. In this scenario, SE has been particularly effective in studying how the virus
interacts with different surfaces, a line of research that is crucial in the development of
materials with antiviral properties and the formulation of preventive strategies [44].

In parallel, SE has been advancing in the study of protein adsorption, offering a deeper
understanding of the complex interactions between proteins and nanomaterial surfaces. In
fact, when SE is used alongside other methods like electron and fluorescence microscopy,
circular dichroism, infrared spectroscopy, AFM, and quartz crystal microbalance, it aids in
the study of the microstructure of protein layers adsorbed on material surfaces [31].

In the field of cancer research, a recent study has showcased the potential of SE in
the development of geno-sensors for detecting specific cancer biomarkers. For example,
Ref. [45] focused on the detection of prostate cancer antigen 3 (PCA3), a biomarker found in
the urine of prostate cancer patients. The research highlighted the efficacy of total internal
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reflection ellipsometry as a method capable of detecting extremely low concentrations
of PCA3.

7.9. Micro- and Macro-Imaging Ellipsometry

In the continually evolving field of ellipsometry, the integration of micro- and macro-
imaging techniques has substantially enriched the methodology for thin film character-
ization. Traditional ellipsometry, while proficient in analyzing unstructured surfaces,
encounters limitations when applied to the complex micro- and nanostructured devices
that are increasingly common in the electronics industry. Ref. [46] addresses this gap by
evaluating the utility of imaging and mapping ellipsometry for patterned layers of SiO2
and photoresist on silicon wafers. Complementing this focus on micro-level applications,
Ref. [47] extends the discourse to the field of large-area mapping. Ref. [47] categorizes
thin-film characterization methods and emphasizes the suitability of ellipsometry for in-
line characterization. This is particularly relevant for industrial applications, such as solar
panels and display technology, highlighting the scalability of ellipsometry techniques from
micro to macro levels.

However, the field is not without its challenges, especially in the quantitative aspects
of imaging ellipsometry (IE). Asinovski et al. [48] argue that with proper calibration and
correction, IE can serve as a reliable alternative to classical single-point methods, thereby
broadening the methodological scope of ellipsometry.

7.10. Integration of Auxiliary Surface Characterization Techniques with Spectroscopic Ellipsometry

It is essential to emphasize the role of auxiliary surface characterization techniques
such as AFM, HRSTM, and SEM in combination with SE. Ref. [49] accentuates the im-
portance of utilizing supplementary surface characterization methods like AFM for an
all-encompassing insight into the structural and morphological properties of thin films.
This study offers a detailed examination of nanocrystalline NiO thin films, showcasing
the correlation between the increase in grain size, observable through AFM, and the en-
hancement of film thickness, which subsequently impacts the optical properties analyzed
by SE. The concurrent use of these advanced techniques improves precision and accuracy,
which is essential for the advancement of research and development in the field of material
science and optical materials. Additionally, Refs. [50–54] further underline the importance
of using additional surface characterization techniques with SE.

7.11. Advantages and Disadvantages of Spectroscopic Ellipsometry

SE is a powerful optical technique widely employed for the characterization of thin
films and layered structures. One of its most remarkable features, particularly in thickness
sensitivity, is its high precision, which can reach up to approximately 0.1 Å [15]. This level
of precision makes it a vital tool in fields such as semiconductor manufacturing, where
even small variations in film thickness can have significant implications. Additionally, the
method is nondestructive, allowing for the preservation of the integrity of the sample during
analysis. Another advantage of SE is its speed. Measurements can often be completed
in just a few seconds, making it highly efficient for real-time monitoring and feedback
control during processing. Moreover, this technique can be used in several applications,
as discussed in the previous section of this review. The ability for real-time monitoring
further enhances its applicability, as it allows for immediate adjustments to be made during
experimental or manufacturing processes.

However, SE is not without its drawbacks [15]. One of the most significant limitations
is its indirect nature. Unlike some other characterization methods, SE requires the use
of an optical model for data analysis. This necessity can complicate the analysis process,
particularly when the sample’s structure is not well-understood. Constructing an accu-
rate optical model can be challenging and time-consuming, offsetting some of the speed
advantages of the technique. Another downside is its relatively low spatial resolution,
which is typically in the range of several millimeters. This limitation can be a difficulty in
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applications where high spatial resolution is required. Furthermore, the technique faces
challenges in characterizing materials with low absorption coefficients (α < 100 cm−1).
This makes it less suitable for certain types of materials and specific applications where
low absorption coefficients are of interest.

Despite these limitations, recent advancements like imaging ellipsometry aim to
improve spatial resolution, and ongoing research is focused on overcoming some of these
intrinsic disadvantages.

8. Conclusions and Outlook
8.1. Conclusions

Throughout this review, we have considered the fundamental principles, data analysis
methods, and various applications of spectroscopic ellipsometry.

SE, an advanced non-invasive optical technique, has revolutionized material charac-
terization, providing invaluable insights into the properties of surfaces, interfaces, and
thin films. By analyzing the alteration in the polarization state of light upon reflection or
transmission through a sample, ellipsometry derives essential parameters such as thin film
thickness (t), refractive index (n), and extinction coefficient (k). Its capability to analyze
complex multilayered structures and material mixtures makes it an indispensable tool for
investigating a wide range of materials, including semiconductors, dielectrics, polymers,
and metals.

The name “ellipsometry” is rooted in the elliptical polarization of light that occurs
during measurement, and this technique plays a pivotal role in studying materials across
various spectral regions. In the ultraviolet/visible (UV/VIS) region, it enables the char-
acterization of interband transitions and provides information about the bandgap (Eg)
of materials. Furthermore, in the infrared (IR) region, ellipsometry offers valuable in-
sights into free carrier absorption, lattice vibration modes (LO and TO phonons), and local
atomic structures.

This comprehensive review aims to delve into the fundamental principles of ellipsom-
etry, shedding light on the key parameters (∆ and Ψ) measured and their dependence on
wavelength and angle of incidence. The Fresnel equations governing the behavior of light
at the sample–incident medium interface are discussed in detail, along with the significance
of the complex quantity ρ, a term which enables the analysis of rough surfaces, interfaces,
and materials with multiple components.

Data analysis methods employed in ellipsometry are thoroughly explored, encompass-
ing the fitting of experimental measurements with theoretical models for precise material
characterizations. The Cauchy and Lorentz dispersion models are highlighted for their
efficacy in describing diverse materials, including insulators, semiconductors, and metals.
Additionally, the Kramers–Kronig relations establish a vital connection between the real
and imaginary components of the complex dielectric function, enriching the understanding
of material behavior.

Throughout the analysis, the review showcases the diverse applications of spectro-
scopic ellipsometry, ranging from fundamental research to industrial applications. Its
non-contact, non-destructive nature and rapid data acquisition make it an ideal ex situ tool
for material characterization, allowing for the simulation and generation of application
models for an extensive array of materials and unknown combinations.

Moreover, the review delves into the challenges and limitations faced in spectroscopic
ellipsometry, such as the need for higher spatial resolution for ultra-thin films (<10 nm) and
the measurement of small absorption coefficients, particularly in the UV region. The signifi-
cance of performing measurements at oblique angles is discussed, especially for anisotropic
materials like semiconductors. Additionally, accurate analysis of multilayered samples
necessitates prior knowledge of optical constants, which can sometimes be challenging
to obtain.

In conclusion, our work provides a comprehensive and insightful overview of ellip-
sometry, its principles, methodologies, and applications in material characterization. The
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versatility, accuracy, and non-destructive nature of ellipsometry position it as an indispens-
able tool for the study of a wide array of materials, with potential applications spanning
fields such as electronics, optoelectronics, thin-film technology, and surface science.

8.2. Outlook

As technological advancements continue to enhance ellipsometers’ capabilities, the fu-
ture prospects of this optical technique are undoubtedly promising, offering unprecedented
opportunities for innovative research and development in materials science and beyond.
It becomes evident that ellipsometry will continue to play a pivotal role in both scientific
research and technological advancements, driving innovation across multiple disciplines.

While SE continues to evolve, the field faces a series of complex challenges and
opportunities that could shape its future trajectory. One of the most pressing issues is the
need for enhanced accuracy in measurements. This concern extends beyond the capabilities
of current instrumentation and calls for a more comprehensive approach to data collection
and interpretation.

The limitations of existing optics-based systems are becoming increasingly apparent,
particularly in terms of their signal-to-noise ratios [55]. As technological advancements con-
tinue to push the boundaries of miniaturization, the challenges associated with metrology
are becoming more complex. The transition to smaller nodes, such as the 7 nm node [55],
introduces new difficulties in determining both material properties and critical dimen-
sions. This complexity is further compounded by the increasing intricacy of the materials
under study.

In terms of process control, the current applications of SE in integrated circuit (IC)
technology are primarily in-line [55]. However, the untapped potential for real-time or
closed-loop feedback control systems remains significant. The economic feasibility of such
advanced control systems will likely depend on the development of specific applications
that necessitate them.

Moreover, SE is gradually making its way into the fields of biology and medicine,
especially after the COVID-19 pandemic [44]. The study of complex, anisotropic materials
presents another promising frontier for SE. The ability to measure the complete Mueller
matrix could open up new research avenues for materials previously considered too
complex for accurate measurement [56].

Lastly, there is a growing need for improved data management and extraction tech-
niques. The emerging field of reciprocal-space analysis offers a potential solution for
intelligently filtering data, thereby enabling more accurate and meaningful interpreta-
tions [55].

Another important aspect, one which has not been suggested before, is the growing
potential for artificial intelligence (AI) to revolutionize the way we interpret SE data. Given
AI’s prowess in handling vast datasets and discerning patterns, it can significantly enhance
the precision and efficiency of ellipsometry analyses [57]. Machine learning [58,59], when
integrated with SE, offers an alternative to intricate optical modeling. The relationship
between the thicknesses of individual layers in a multilayer structure and ellipsometric
data can be systematically learned through machine learning.

In conclusion, the future of SE is rich with opportunities for methodological advance-
ments and broader applications. However, these opportunities come with their own sets
of challenges that will require innovative solutions, interdisciplinary collaboration, and a
more integrated approach to data collection and analysis.
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56. Vala, D.; Mičica, M.; Cvejn, D.; Postava, K. Broadband Mueller ellipsometer as an all-in-one tool for spectral and temporal analysis
of mutarotation kinetics. RSC Adv. 2023, 13, 6582–6592. [CrossRef] [PubMed]

57. Wang, H.; Fu, T.; Du, Y.; Gao, W.; Huang, K.; Liu, Z.; Chandak, P.; Liu, S.; Van Katwyk, P.; Deac, A.; et al. Scientific discovery in
the age of artificial intelligence. Nature 2023, 620, 47–60. [CrossRef]

58. Arunachalam, A.; Berriel, S.N.; Banerjee, P.; Basu, K. Machine learning-enhanced efficient spectroscopic ellipsometry modeling.
arXiv 2022, arXiv:2201.04933.

59. Liu, J.; Zhang, D.; Yu, D.; Ren, M.; Xu, J. Machine learning powered ellipsometry. Light Sci. Appl. 2021, 10, 55. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1039/D3RA00101F
https://www.ncbi.nlm.nih.gov/pubmed/36860536
https://doi.org/10.1038/s41586-023-06221-2
https://doi.org/10.1038/s41377-021-00482-0

	Introduction 
	Theoretical Foundations of Spectroscopic Ellipsometry 
	Data Analysis 
	Interaction of Light and Materials 
	Index of Refraction 
	Dielectric Function 

	Model of Dielectric Functions 
	Cauchy Model 
	Lorentz Model 

	Kramers–Kronig Relationships 
	Applications of Spectroscopic Ellipsometry in Material Science 
	Semiconductor Technology 
	Thin Film Characterization 
	Surface Science 
	Optical Constants and Dielectric Function 
	Mueller-Matrix Spectroscopic Ellipsometry 
	Nanomaterials and Nanostructures 
	In Situ and Real-Time Monitoring 
	Biomedical Applications of Spectroscopic Ellipsometry 
	Micro- and Macro-Imaging Ellipsometry 
	Integration of Auxiliary Surface Characterization Techniques with Spectroscopic Ellipsometry 
	Advantages and Disadvantages of Spectroscopic Ellipsometry 

	Conclusions and Outlook 
	Conclusions 
	Outlook 

	References

