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Abstract
Spectroscopic ellipsometry (SE) with its fast, precise, non-destructive and non-contact nature, working both ex situ and
in situ, is the ideal characterization tool for thin films in terms of optical, struactural and electrical information obtained over
wide application domains. The review aims to prove the versatility of such a powerful technique, starting with the basic
knowledge of the ellipsometry, extending the application field from UV–vis-NIR to VUV and IR domains, and then
advancing to the analyses of porosity, anisotropy, surface mapping and bowing parameter. The examples shown in this
review illustrate the complementarity of ellipsometry with other characterization techniques, highlighting the sensitivity and
the quality of the results especially in the domain of the sol–gel films.

Graphical Abstract
Spectroscopic ellipsometry: all-in-one technique for a variety of material characteristics.

Keywords Ellipsometry ● Sol–gel ● Thin films ● Optical properties

* Madalina Nicolescu
mnicolescu@icf.ro

* Hermine Stroescu
hermine25@yahoo.com

1 Institute of Physical Chemistry “Ilie Murgulescu”, Romanian
Academy, 202 Splaiul Independentei, 060021 Bucharest, Romania

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-021-05504-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-021-05504-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-021-05504-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-021-05504-2&domain=pdf
http://orcid.org/0000-0001-5205-8237
http://orcid.org/0000-0001-5205-8237
http://orcid.org/0000-0001-5205-8237
http://orcid.org/0000-0001-5205-8237
http://orcid.org/0000-0001-5205-8237
http://orcid.org/0000-0001-8402-2503
http://orcid.org/0000-0001-8402-2503
http://orcid.org/0000-0001-8402-2503
http://orcid.org/0000-0001-8402-2503
http://orcid.org/0000-0001-8402-2503
mailto:mnicolescu@icf.ro
mailto:hermine25@yahoo.com


Highlights
● Versatility of the ellipsometry is illustrated on sol–gel films.
● SE, all-in-one technique, for the study of a variety of material characteristics.
● Possibility to obtain optical constants on a large spectral range (0.193–33 μm) is shown.
● Suitability of SE for anisotropy, porosity, vibrational, mapping, and bowing parameter analysis is presented.
● Detailed complementary information is obtained combining SE with other characterization methods.

1 Introduction

The light is a fascinating subject of study, even the ancient
Greeks were intrigued by its nature. But only later in the
1600s there was a real progress in the understanding of the
mathematical and physical principles of the light. This led to
the study of the thin films in the early 1900s by employment
of classical optics. The term “ellipsometry” was established
only in the mid-1900s. The founder of the basic principles of
ellipsometry is Paul Drude, which derived in 1887 the
equations of ellipsometry, a remarkable achievement if we
think that these equations are still used today. The model
which describes the optical properties of metals is named after
him. Despite its simplicity and its accuracy, ellipsometry was
not so popular until 1970s, when ellipsometers moved from
manually operated and hence very time-consuming to auto-
mate instruments. The first complete automation of spectro-
scopic ellipsometry (SE) was realized by Aspnes et al. [1] in
1975, followed in 1984 by the first real-time monitoring with
a spectroscopic ellipsometer achieved by Müller and Farmer
[2]. Development of computer technology led to an increase
in the number of measurement data and degree of precision. It
was just a matter of time until ellipsometry became the most
essential characterization technique for coatings. With every
development step ellipsometers led to a shorter measuring
time and more precise analysis data, as the real-time instru-
ment developed in 1990 by Kim et al. [3], which utilizes a
photodiode array (PDA) detector, that allows simultaneous
measurement of light intensities at multi-wavelengths.

Nowadays, application of ellipsometry in various domains
is a current practice. From microelectronics to medicine and
biology, ellipsometry is focused on improving accuracy and
sensitivity, and on corroborating with complementary data
obtained from multiple techniques [4].

Ellipsometry is an optical measurement technique that
characterizes light reflection or transmission from a sample.
The name “ellipsometry” is given by the polarized light which
becomes “elliptical” upon light reflection. By measuring the
change in polarization of the reflected light, ellipsometry
determines the amplitude ratio (Ψ) and phase shift (Δ) between
p- (parallel) and s- (perpendicular) polarized light waves. The
values of these two ellipsometric parameters are measured in
the ultraviolet, visible and infrared spectral ranges.

Ellipsometry is a non-destructive and non-contact mea-
surement technique, which requires two conditions in order

to perform a successful measurement on any sample,
namely: (1) surface roughness of samples should be <30%
of a measurement wavelength, otherwise the scattering
occurs and the intensity of the reflected light will be
reduced, making harder the determination of the polariza-
tion state, and (2) depending on the optical constants of
samples, the incidence angles must be chosen in order to
maximize the measurement sensitivity.

From the absolute values of Ψ and Δ is difficult to give
an interpretation of measurement results, thus, construction
of an optical model is needed for data analysis and to
determine the physical properties of a sample. Ellipsometry
allows the evaluation of the refractive index n and extinc-
tion coefficient k of the material under study, and the
complex refractive index defined by ~N � n� ik is deter-
mined. The complex dielectric constant ~ε and absorption
coefficient α can also be obtained from the following rela-
tions: ~ε ¼ ~N2 andα ¼ 4πk

λ , respectively.
Measurements carried out in different parts of the spectral

domain give specific optical characteristics. In the UV–visible
region, ellipsometry can characterize the interband transitions
and make an estimation of the bandgap (Eg) from the varia-
tion of α with hυ, where h is the Planck’s constant, and υ is
the light frequency. Moreover, from the spectral analysis of
the optical constants, the alloy composition, crystal grain size
and phase structure can be determined.

In the infrared spectral range, properties like lattice
vibration modes (LO and TO phonon) can be determined by
ellipsometry [5]. Determination of electrical properties,
including carrier concentration, carrier mobility and con-
ductivity, and local atomic structures is also possible [6].

The ellipsometric measurements can be performed not
only in air but also in situ (vacuum [7], liquid [8], or in a
controlled atmosphere [9–13]); they can be static or dynamic
(in real time). In the last mode, the ellipsometry can be used
as a control technique of different processes [14–19].

Like any other method, the ellipsometry has its advan-
tages and drawbacks, which are summarized in Table 1. The
high sensitivity of ∼0.1 Å [20] of ellipsometric measure-
ments makes this technique to be very useful and precise in
determining thin film thickness, surface and interfacial
roughness. Its sensitivity refers also to the optical (dielec-
tric) constants of the layer and hence to the bandgap energy,
to the uniformity of the layer, to the anisotropy, porosity
and density of the layer, to the conductivity-resistivity and
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to molecular vibrations, to the growth or etching kinetics in
real-time monitoring, and to any other physical effect that
induces changes in the optical properties of the materials.

Spectroscopic ellipsometry finds applications in a wide
area of domains, mentioning semiconductor industry (sub-
strates, thin films, lithography, gate dielectrics) [21, 22],
chemistry (self-assembled monolayers, polymer films, pro-
teins) [23, 24], optical coatings (high and low dielectrics)
[25, 26], displays (TCOs, TFT films, organic LEDs) [27]
and data storage (phase change media, magneto-optic lay-
ers) [28, 29].

The use of spectroscopic ellipsometry in areas of biology
for the study of organic layers was also reported, including
applications such as protein monolayer spectroscopy, in situ
monitoring of protein adsorption on planar surfaces and in
porous layers and ellipsometric imaging for determination of
thickness distributions [30], in the study of chiral nanocrys-
talline cellulose films [31].

For biological studies were developed ellipsometers like
FPE (fixed polarizer ellipsometer) [32] and MIE (micro-
scopic imaging ellipsometry) [33], with different measure-
ment capabilities.

Many approaches were proposed for maximizing the
measurement spot size and for optimizing the measurement
time in order to achieve more reliable results in a short time for
conventional ellipsometers, including a snap-shot ellipsometric
configuration by Lee et al. [34]. The co-axial optical structure
allows high magnification (100×) objective lens, which lead to
a spot size of a 62 μm and coupled with snap-shot ellipsometry
lead to real-time measurements with high precision over var-
ious thickness values of samples, thus solving the issues of
large spot size and long measurement time of conventional
ellipsometry, maintaining the accuracy.

Recent papers on sol–gel film ellipsometry underline the
influence of precursor concentrations [35], pH of the sol
[36], annealing procedure (type and time) [37] and dopants
[38] on their optical properties.

Among the methods used in the characterization of
nanomaterials, ellipsometry has proven by its versatility and
its sensitivity to be the right choice for the complex char-
acterization of thin films [39].

In the review are exemplified with predilection three
oxidic materials: ZnO, TiO2 and ITO which are among the

most studied semiconductor materials due to their multi-
functional properties different from other transition metal
oxides or III-V, II-VI semiconductors. They have similar
properties, like wide bandgap, good optical transparency,
high electrical conductivity, antibacterial behavior, thus
they can be used in a huge number of applications as:
photocatalysts, gas sensors, wastewater treatment, film
transistors, liquid crystal displays, LEDs and OLEDs, solar
cells, photovoltaics, flat panel displays, smart windows,
antistatic coatings and many more. They can be easily
prepared as thin film not only by physical methods but also
by less expensive chemical ones. All of them can be doped
or even co-doped, resulting materials with improved prop-
erties and can be prepared in the shape of nanoparticles,
nanowires, nanorods and other 2D dimensional shapes,
presenting unique features.

NOTE: The following sections of the review will guide
the reader through the theory, principles and applications
of spectroscopic ellipsometry (SE). The main issues to
which the review presents solutions are: what is ellipso-
metry and how it can be used in the investigation of the
sol–gel thin films;what are the physical properties mea-
sured by SE; what is an optical model and how it can be
used to simulate a real sample; what are the method lim-
itations and how can we get additional information from
extreme parts of the spectral regions; how can we apply
ellipsometry to non-ideal samples and how to get complex
features out of ellipsometric analysis. Finally, the review
aims at highlighting the versatility and sensitivity of SE by
the selected examples in connection with the sol–gel
deposition method.

2 Theory

2.1 Basic knowledge of the ellipsometry theory

Ellipsometry measures the change of the polarization of the
light after reflection on a surface. In general, the light after
the reflection on a surface is elliptically polarized, but for a
special position of the analyzer (Δ), the reflected light is
linearly polarized. In this case, the polarizer can extinguish
the light at a certain orientation (Ψ) (Fig. 1). The electric

Table 1 Advantages and disadvantages of spectroscopic ellipsometry

Advantages Disadvantages

Non-destructive and non-contact technique Building an optical model to analyze the experimental data

Extremely precise and fast Data analysis could be time consuming

Monitoring in real-time, in situ (vacuum, liquid) The spatial resolution is low

Application on wide domains
Transmittance and mapping measurements

Materials with low absorption coefficients (α < 100 cm−1) are difficult to be characterized
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vector of both the incident and reflected light can be
decomposed in parallel (p) and perpendicular (s) components
on the incidence plane. The ratios of the reflected and inci-
dent electric components, parallel and normal to the inci-
dence plane, represent the Fresnel (Rp, Rs) coefficients,
which contain information about material and layer structure.

The Fresnel coefficients are linked to the angles Ψ and Δ
by the fundamental equation of the ellipsometry:

ρ ¼ tan Ψð ÞeiΔ ¼ Rp

Rs
ð1Þ

In the case of a film, Fresnel coefficients contain infor-
mation about all three media (Fig. 2):

– medium 1 is in general air (or vacuum or a liquid)
– medium 2 is the film with a complex refractive index

~N ¼ n� ik, and a thickness d
– medium 3 is the substrate

Φ1 and Φ2 are incident and refracted angles, respectively.
where:

Rp ¼
R12
p þ R23

p expð�i2βÞ
1þ R12

p R23
p expð�i2βÞ Rs ¼ R12

s þ R23
s expð�i2βÞ

1þ R12
s R23

s expð�i2βÞ oscillating in β

¼ πdN2 cosϕ2

λ

ð2Þ
β being the film phase thickness
An ellipsometric experiment consists of the following
steps:

– the measurement of Ψ and Δ parameters
– building an optical model
– calculating the response from the model
– fitting the calculated data with the experimental

measurements, using regression analysis
– choosing the model to match the measurements. The

best fit is obtained when the Mean Squared Error-MSE
(which quantifies the difference between experimental
and model-generated data) has the smallest value
corresponding to the best fit.

MSE ¼ 1
2N �M

XN
i¼1

Ψmod
i � Ψexp

i

σexpΨ;i

 !2

þ Δmod
i � Δexp

i

σexpΔ;i

 !2
2
4

3
5 ¼ 1

2N �M
χ2

ð3Þ

where:
N is the number of (Ψ, Δ) pairs
M is the number of variable parameters in the model
σ are the standard deviations on the experimental

data points
– from the best fit, n, k and d are obtained

To be consistent, the ellipsometric equations must obey
the Kramers–Kronig (KK) rule [20], where the real and
imaginary part of the dielectric constants (ε1 and ε2) depend
on each other.

2.2 Some important models in ellipsometric
characterization of sol–gel films

From an ellipsometric measurement results only two values,
Ψ and Δ, which are insufficient to obtain all physical
parameters of the sample under study, so a model based on
regression analysis must be used.

To fit the ellipsometric experimental spectra are used
either the tabulated optical constants of materials stored in
the fitting software or different models based on optical
oscillators. Since generally the optical constants of a
material depend on the preparation method, a fit model
based on oscillators is more adequate. In the simulating data
a model needs to be as close to the real sample as possible.

In the simplest case of transparent materials, one can use
Cauchy equation [40], which describes well the dispersion
for materials which are essentially non-absorbing over the
measured spectral range. The Cauchy relation is most
effective when curve fitting a normal dispersion
(n decreasing with wavelength). The Cauchy equation for
the refractive index is given by

n λð Þ ¼ An þ Bn

λ2
þ Cn

λ4
ð4Þ

where An, Bn, Cn are called Cauchy parameters. The “An”

term is a constant and describes the long-wavelength

Fig. 1 Schematic representation of an Ellipsometer

Fig. 2 Reflection and refraction of the incident light in a film deposited
on a substrate
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asymptotic index value, while the “Bn” and “Cn” are the
dispersion terms that add upward slope to the index value as
wavelengths become shorter (Bn and Cn ≥ 0).

Since the Cauchy equation involves no absorption, it is
not Kramers–Kronig consistent. In the IR range, the
absorption bands are due to molecular vibrations and in the
UV due to electronic vibrations, while in the visible region
the occasional absorptions are for organic films, for example.
For the materials which are slightly absorbing in the UV, a
convenient representation of the extinction coefficient (not
zero) is given by the Urbach equation [41], namely

k λð Þ ¼ Ake
BðE�EbÞ ð5Þ

where Ak is the amplitude and B is the exponent, both being
called Urbach parameters. This exponential function
represents an Urbach absorption tail. The limitations of
the Cauchy and Urbach parameterization of the optical
response are clearly seen for strongly absorbing materials,
like thin metal films (more details in the paragraph 4.4)

In the case of small particles of one material embedded in
a matrix of the host material is suitable to use Effective
Medium Approximation (EMA) [42]. In this case, the
assumptions are

– each material retains bulk-like optical properties (grain
size large enough to ignore quantum size effects),

– sufficient mixing over a macroscopic area (grain size
small enough to appear homogenous compared to the
wavelength of light—no scattering).

– There are different types of equations based on Effective
Medium Approximation, such as:

– Lorentz–Lorenz (LL) where the host is air,
– Maxwell–Garnett (MG) where the host is not air and

describes the inclusion of small volume fraction in a
host material,

– Bruggeman where the host is the effective medium.

All these approximations use the same equation with
different “host” material

εeff � εh
εeff þ 2εh

¼ f1
ε1 � εh
ε1 þ 2εh

þ f2
ε2 � εh
ε2 þ 2εh

þ ¼ ð6Þ

where, ε is the complex dielectric function for: effective
medium (eff), host (h), and constituent materials (1, 2, …);
f1 and f2 are volume fractions of each constituent.

This model is particularly useful to simulate surface
roughness, intermix layers, gradient layers, or doped layers
[12, 43–48].

For more complex films, oscillator models are more
suitable because they can describe optical constants in
transparent and absorbing regions in the same time,

maintains Kramers–Kroning consistency and used a
reduced number of “fit” parameters.

For a normal dispersion, the refractive index increases
toward higher frequencies when there is no absorption. For
an anomalous dispersion, absorption causes changes in real
part (n).

Different type of absorptions matches different
oscillators:

– organic and dielectrics: UV resonant absorptions—
Gaussian [49], Tauc-Lorentz [50]

– semiconductors: direct bandgap—Psemi-E0 [51]

indirect gap / amorphous—Tauc-Lorentz or Cody-
Lorentz [50]
higher energy transitions—Gaussian or PSEMI [51]

– metals: free carrier absorption—Drude [52, 53], Lorentz
[54, 55], Harmonic [56]

Lorentz oscillator is a classic harmonic oscillator, with
long absorption tails which can cause unwanted absorption
in transparent regions. The model is best suited for phonons
or metals, where absorption exists over all wavelengths.

~ε ¼ AE0

E2
0 � E2 � iγE

ð7Þ

where, A is the amplitude, E0 is the center energy, γ is the
broadening of the oscillator, while E is the photon
energy in eV.

Gaussian oscillator is an oscillator with shorter absorp-
tion tails than Lorentz—the absorption drops rapidly to
zero; used for materials with band gaps, infrared absorp-
tions in amorphous materials, multiple UV absorptions in
amorphous materials.

ε2 ¼ Ane
� E�En

Brnð Þ2 þ Ane
� EþEn

Brnð Þ2 ð8Þ

ε1 ¼ 2
π
P

Z1

0

ξεn2 ξð Þ
ξ2 � E2

dξ ð9Þ

Drude oscillator is a Lorentz oscillator with E0 = 0; it
describes free carries because of no restoring force; used for
metals, doped semiconductors and conductive dielectrics;
method for non-contact measurement of resistivity, thus
obtaining directly the electrical parameters without Hall
measurements.

~ε ¼ � A

E2 þ iγE
ð10Þ
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Tauc-Lorentz oscillator includes bandgap energy (Eg),
with no absorption allowed below gap energy, good for
amorphous semiconductor and other UV absorptions.

Another combination of oscillators used in semiconductor-
type materials characterization is Tauc-Lorentz (which
describes the absorption in UV) and Drude (which describes
the effect of the electric charge carriers on the dielectric
function when passing from the visible to the infrared wave-
length range) oscillators. The carrier concentration (ND), the
mobility (µ), resistivity (ρ) and the optical conductivity (σ)
were determined using the equation:

ρ ¼ γ

ε0ω2
p

! ρ ¼ m�

NDq2τ
¼ 1

qμND
! σ ¼ eNDμ ¼ 1=ρ

ð11Þ

where: ρ—optical resistivity (Ω cm)
γ—relaxation rate or damping coefficient of free car-

riers (1/s)
ωp—plasma frequency (1/s)
τ—electron scattering time (sec) (τ = 1/ γ)
m*—effective electron mass (Kg)
ND—carrier concentration (cm−3)
μ—carrier mobility (cm2/Vs)
εo—vacuum dielectric constant (F/m)
q—electron charge (C)
σ—optical conductivity (1/ Ω cm)
Optical absorptions in a material occur in different parts

of the light spectrum, having different shapes, depending on
the cause that generates them, like the free carriers (mostly
in IR), electronic transitions (in UV–vis–NIR), molecular
vibrations and lattice vibrations (in mid-IR). To describe the
spectral behavior of the optical functions for the absorbing
materials, one or more oscillators are usually used.

The General Oscillator Layer (shortly “GenOsc”) models
the dielectric function of a film or substrate as a linear sum-
mation of real or complex terms, each of them being a function
of wavelength (nm) [wavenumber (cm-1) or photon energy
(eV)]. This model was developed in the WVASE® software, to
simplify the analysis of the optical constants. The GenOsc
model allows the user to choose more oscillators (Lorentz,
Drude, Gauss, Tauc–Lorentz, Gauss–Lorentz, Cody-Lorentz,
etc.) to simulate more accurately the dielectric functions of a
material [57]. This formalism uses K–K consistent oscillator
equations.

The multitude of oscillator types used to fit directly the
reference dielectric functions, which allows the user to build
models fast and accurate, makes the GenOsc a powerful and
flexible model.

Several other important oscillators used in the ellipso-
metric simulations are: harmonic (classic harmonic oscil-
lator), ionic (phonon absorption for IR), TOLO [58]
(optical phonon absorption with both TO—transverse

mode and LO—longitudinal mode broadening), CPPB [59]
(Critical Point Parabolic Band): oscillator for semi-
conductors), CPM [60] (Adachi models for critical point
functions), Tanguy [61] (provides an analytical expression
of Wannier excitons), Herzinger-Johs “P-Semi” (4 con-
nected functions to model each peak) [51].

3 Versatility of the ellipsometry

3.1 The correspondence between the results
obtained by SE and other techniques

In this chapter the high versatility of the spectroscopic ellip-
sometry is emphasized, by drawing a parallel between SE on
the one hand and several different methods on the other hand
[62], in determining film characteristics such as (Fig. 3):

(a) optical constants (n, k), optical band gap (Eg) and
transmission (T) of the films which are usually
determined by UV–vis spectroscopy and optical
transmission,

(b) film thickness (d) which is normally measured by
Scanning Electron Microscopy (SEM) or Transmis-
sion Electron Microscopy (TEM) analyses,

(c) roughness (drough) determined mainly by Atomic
Force Measurements (AFM),

(d) crystallization state signaled by X-ray diffraction
(XRD) technique,

(e) information on the chemical components existing in
the film, which is the domain of Fourier Transform
Infrared Spectroscopy (FTIR),

(f) vibrational properties obtained mainly by Raman
Spectroscopy,

Fig. 3 Spectroscopic ellipsometry: all-in-one technique for a variety of
material characteristics
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(g) resistivity (ρ), conductivity (σ), carrier concentration
(ND) and mobility (μ) which are usually obtained
from Hall measurements.

The following examples illustrate the correspondence
between the results obtained by SE and other techniques.

3.1.1 SE vs optical transmission

The refractive index can be obtained by SE, as through
optical transmission [63] with the same results. Such an
example is offered by Stoica et al.[64]. who modeled
sol–gel nanocrystalline ITO multilayer films by both
methods. The modeling of SE spectra was performed using
a multilayer and multicomponent Bruggemann effective
medium approximation (BEMA) as well as a dispersion
equation combining the Drude theory, with a double
Drude–Lorentzian oscillator (DL) model. As can be seen
from Fig. 4, the two estimations agree well.

3.1.2 SE vs TEM

The thickness obtained by Cross-Sectional Transmission
Electron Microscopy—XTEM (a very expensive method)

can be obtained also by SE (an inexpensive method) as
showed by Covei et al.[65].. In the UV–vis ellipsometric
data analysis of the Nb doped TiO2 sol–gel film with 10
layers, the “General Oscillator” model was applied, con-
sidering one Tauc-Lorentz oscillator (see Section 1.2). The
surface roughness was taken into account, considering the
top layer consisting of 50% voids and 50% film material
within the effective medium approximation model (see
Section 1.2), even though the films are very smooth. The
thickness obtained from the best fit (Fig. 5a) was 339.9 nm
and agrees well with the thickness obtained by XTEM
analysis, 340 nm (Fig. 5b).

The film thicknesses obtained from TEM investigations
are in good agreement with SE results, also in the paper of
Zaharescu et al.[67]. who study the change of the sol–gel
HfO2 thin film properties function of used precursor (haf-
nium ethoxide, hafnium 2,4-pentadionate and hafnium
chloride).

3.1.3 SE vs XRD

The formation of anatase (A) and rutile (R) phases in thin
TiO2(Ni

2+) films (deposited by sol–gel on Al thin film/glass
and Si substrates) were observed in parallel by XRD and
ellipsometry methods. The as-deposited films were amor-
phous, but after thermal treatment (TT) they react differ-
ently [68]. The TiO2(Ni

2+) films (30 nm thick) deposited on
Al substrate after 1 h TT at 300 °C crystallize in the anatase
form which can be visualized in SE spectrum at 370 nm
(Fig. 6a), together with the transfer charge (TC) band from
320 nm. It is known that in the case of very thin films the
anatase is formed after treatment at low temperature. For the
same type of film deposited on Si substrate (Fig. 6b) and
higher TT (700 °C), besides the anatase, the rutile band also
appears at 377 nm. The veracity of these assignations is
proved by the XRD analysis (Fig. 6b inset figure).

Moreover, a shift of charge transfer adsorption band (TC)
from 350 nm (glass) to 330 nm (Si) and 320 nm (Al) is also
observed in the ellipsometric spectra of TiO2(Ni

2+)

Fig. 4 The comparison of the refractive indices obtained by optical
transmission and ellipsometry for four-layer sol–gel ITO film
[Reproduced from reference [64] with the permission of Elsevier]

Fig. 5 Nb doped TiO2 sol–gel
film with 10 layers: a
Experimental and simulated
spectra of the Ψ and Δ
ellipsometric parameters
modeled with the Tauc-Lorentz
model, b XTEM image
[Reproduced from references (a)
[65] and (b) [66] with the
permission of Elsevier]
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deposited on Al, Si and glass substrates, due mainly to the
lowering of the film thickness and the increase in the
refractive index [68].

3.1.4 SE vs FTIR

Vibrational bands of film components can be evidenced by
FTIR as well as by IRSE. A good example is that of sol–gel
ITO films with 15 layers, deposited on Si where the
vibrational bands were determined by IRSE (see in details
in Section 3.2).

3.1.5 SE vs Hall

Electrical properties can be determined by SE as well as by
Hall measurements. An example is the sol–gel ITO films
with 15 layers deposited on glass and SiO2/glass [69] which
was modeled by a combination of Tauc -Lorentz (to
describe the absorption in UV) and Drude (to describe the
effect of the electric charge carriers on the dielectric func-
tion when passing from the visible to the infrared wave-
length range) oscillators (see Section 1.2).

As can be seen in Table 2, the values of the electrical
parameters obtained by Hall measurements validate, as
order of magnitude, the ellipsometric results.

In terms of absolute values, the results are not always very
close. A possible explanation could be that the ellipsometry is
an indirect technique which requires data modeling (the
dielectric function using the Tauc-Lorentz and Drude oscillator
models), while the electrical parameters values are obtained
directly through Hall measurements [70–72].

Despite the inherent differences, comparable values for
the properties of interest could be obtained. SE method
proves to be useful in this case to obtain a large view of the
electrical parameters.

In conclusion, the two ellipsometric parameters (Ψ, Δ)
were measured in a wide spectral range (0.19–33 μm) and
were fitted by combining the Gaussian, Tauc-Lorentz,
Lorentz and Drude oscillators to obtain the complex optical
constants (e.g. complex refractive index, complex dielectric
function). With these values were further estimated the
thickness, free-carrier contribution and vibration modes.
The frequencies TO and LO modes are related through the
Lyddane–Sachs–Teller (LST) relation [73]:

ω2
LO

ω2
TO

¼ ε0
ε1

ð12Þ

Where:ωLo — the longitudinal vibration frequency (cm−1)
ωTo — the transverse vibration frequency (cm−1)
ε0 — the low-frequency dielectric constant
ε∞ — the high-frequency dielectric constant
The results presented in this study show that Spectro-

scopic Ellipsometry is complementary with other techni-
ques (Fig. 3) and their combination provides a better
understanding of the experimental data.

3.2 Information obtained directly from ellipsometric
spectra, prior to the data modeling

3.2.1 Visualization of different bands was already described
above (Section 2.1.3) in UV spectral range [68]

3.2.1.1 Estimation of the film’s thickness Interference
oscillations of the spectra of the ellipsometric parameters Ψ
and Δ are affected by the thickness (d) and refractive index (n)
of the film. For the films with the same material characteristics,
but having different thicknesses, the parameter d can be esti-
mated from ellipsometric spectra by counting the numbers of
oscillations. As the thickness increases, the number of oscil-
lations grows. At the same time, the maxima of thicker film

Fig. 6 a SE spectrum of Ψ
parameter of TiO2(Ni

2+)/Al/
glass, TT 1 h at 300 °C. b SE
spectrum of Ψ parameter of
TiO2(Ni

2+) /Si, TT 1 h at
700 °C. Inset: XRD
difractogram. Reproduced from
reference [68] with the
permission of Elsevier

Table 2 Comparison of the electrical parameters obtained by SE and
Hall for the sol–gel ITO (15 layers) films

Substrate ND (1020 cm−3) µ (cm2/Vs) ρ (102Ω cm) σ (Ω cm)−1

SE Hall SE Hall SE Hall SE Hall

Glass 1.61 3.71 2.76 1.05 1.41 1.60 71.12 80.38

Glass/SiO2 1.48 1.78 2.10 1.21 1.99 2.90 50.25 34.50
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shift to higher wavelengths. One example can be seen in Fig. 7
representing the oscillations of Ψ parameter with the thickness
of oxide ternary alloys Zn–Ir–O (ZIRO) [74].

3.2.2 Checking the stabilization of the films

One of the most important ellipsometric applications for
film technology is the monitoring of the surface stability of
the films. The changes of the film surface can be viewed
directly by tracking the evolution of the ellipsometric
parameter (Ψ and Δ) spectra.

A comparison between the experimental ellipsometric
spectra taken on the as-deposited film, the annealed one and
after some months can offer us information about the
changes happening on the film surface. The efficiency of a
rapid thermal annealing treatment (RTA) for 1 min up to
400 °C in N2 atmosphere on an ITO film deposited by
reactive sputtering on Si(100) substrate is shown by
Stroescu et al. [75]. They observed that the ellipsometric
spectra taken after RTA treatment remain practically
unchanged (Fig. 8—the measurements are performed in the
same area) even after 4 months. This result proves that the
RTA treatment stabilized well the sample surface.

In comparison with the RTA treatment for 1 min up to
400 °C, a normal thermal annealing treatment (NTA) for 1 h
at 400 °C in nitrogen atmosphere is not so efficient. In the
case of ITO films deposited by sol–gel method on Si(111)
substrate (Fig. 9—will be published), the stabilization of the
film by NTA was less efficient than by immersion of the film
for 24 hours in an alcoholic solution containing 2 mM 1-
Octadecanethiol/CH3(CH2)17SH. The ellipsometric spectra
of Ψ parameter (before and after stabilization treatment with
1-Octadecanethiol) are almost unchanged (see Fig. 9), while
the Ψ spectra for the film after a normal thermal annealing
treatment (1 h, 400 °C) shifted to smaller wavelengths, thus
means that the film thickness was changed.

In conclusion, in this case a Thiol protective surface layer
is more efficient for the stabilization of the surface and for a
longer time than the normal thermal annealing treatment in
nitrogen.

3.2.3 Optical phonon contribution

In the usual way, E1(TO) frequency mode can be visualized
in the spectrum of the imaginary part of dielectric constant
(ε2) and A1(LO) in the dielectric loss functions Im(−ε−1) of

Fig. 7 Thickness evolution
visualized on experimental
ellipsometric spectra (a) Ψ and
(b) Δ of ZIRO film

Fig. 8 Experimental
ellipsometric spectra (a) Ψ and
(b) Δ presented comparatively
for sputtered ITO/Si(100) film
before and after the RTA
treatment (1 min, 400 °C)
[Reproduced from reference [75]
with the permission of Elsevier]
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IR ellipsometric spectra (IRSE), but they can be also
visualized directly in the ellipsometric spectra of Ψ and Δ
parameters, which is a substantial advantage. Such an
example is offered by Nicolescu et al.[76]. on ZnO:N films
deposited by reactive sputtering in a 10% nitrogen atmo-
sphere on Si(100) substrate. The authors show compara-
tively the assignations of E1(TO) and A1(LO) modes
directly from the spectra of Ψ and Δ (Fig.10a, b) and from
dielectric constants spectra (Fig. 10c, d).

This advantage of the ellipsometry is shown also by Bun-
desmann [77] on amorphous hafnium aluminate film deposited

by metal organic chemical vapor deposition on silicon sub-
strate; by Ashkenov et al. [78] on ZnO films deposited by
pulsed-laser deposition (PLD) on c-plane sapphire substrates
and by Kang [79] on PZT films grown on platinized silicon
substrates by using the sol–gel method and on (0001) sapphire
by using radio-frequency sputtering deposition.

4 Extensions of the basic ellipsometry

4.1 Vacuum UV Ellipsometry (VUV)

A spectral region of high interest for ellipsometric mea-
surements is represented by VUV domain, which denotes
the spectroscopic range below 190 nm or energy above
6.5 eV. It was first applied at the BESSY synchrotron in
Berlin [80] at photon energies up to 35 eV. Any transparent
dielectric and wide band gap semiconductor is suitable for
VUV ellipsometry, which comes with an increased sensi-
tivity to film thickness and increased access to unique
spectral features, like distinguishing between similar grown
materials and correlating their mechanical, optical and
electrical properties [81]. The importance of VUV ellipso-
metry consists in analyzing materials used in optoelec-
tronics, high-power and high-temperature devices. There

Fig. 10 a, b Experimental and
simulated IR spectra of the Ψ
and Δ ellipsometric parameters
and (c, d) E1(TO) and A1(LO)
frequency modes for ZnO:N film
deposited by reactive sputtering
in atmosphere with 10% N2 and
treated at 550 °C [Adapted from
reference [76] with the
permission of Elsevier]

Fig. 9 The stability monitoring of the sol–gel ITO/Si(111) film: (1) as
prepared, (2) treated with Thiol, (3) after NTA (1 h, 4000C)
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are several deposition methods used to achieve thin films
characterized by VUV ellipsometry, like PLD [82], sput-
tering [83], sol–gel combined [84], epitaxy [85], atomic
layer deposition (ALD) [86]. VUV ellipsometry may be
applied to lithography (157 nm), front end (high-k thin
films) and back end (porous low-k interlayer dielectrics)
processing. There is a continuous search in lithography
industry to minimize the feature sizes, which led to the
development of new materials, with new optical constants,
making the lithography process a more feasible one [87].
Due to setup complexity and costs, commercial instruments
do not allow measurement above 9.5 eV, and the number of
VUV ellipsometers is still small. Consequently, the number
of publications in this field is still small, most of them not
dealing with sol–gel films. An example of applying VUV is
the study of ZnO dielectric function, experimentally and
theoretically obtained, in the 4.0–9.5 eV by Schmidt-Grund
et al. [88]. The authors found for ZnO films deposited by
PLD on Al2O3 substrate that the differences between both
dielectric functions can be related to the strong excitonic
contributions near the band gap. Also, it is known that
Wurtzite-structure ZnO is optically uniaxial, and the authors
found that the anisotropy is more pronounced in the theo-
retical dielectric function spectra. Other materials measured
and characterized by VUV ellipsometry were SiC [89], GaN
[90], AlN [91], AlGaN [92] and AlInN [93], due to the
electronic transitions that occur at these photon energies,
and due to possibility to differentiate between ordinary and
extraordinary dielectric functions.

4.2 Infrared spectroscopic ellipsometry (IRSE)

The results of this chapter form the subject of a future paper
(to be published).

Since IRSE technique (analysis) developed considerably,
it is possible nowadays to have optical (dielectric) constants
on a large spectral range from UV to Mid IR. To this end,
we performed an ellipsometric study of ITO thin films
deposited by sol–gel dip-coating method. The films, con-
taining 15 layers were deposited on three different sub-
strates: glass, SiO2/glass and SiO2/Si and analysed
separately in the UV–vis–NIR (0.19–1.7 µm) and in the Mid
IR (2–33 µm) spectral ranges.

Ellipsometric simulations were based on the general
oscillator model (see the models in Fig. 11) which contains
Tauc-Lorentz oscillators for UV spectral range and Gaus-
sian and Drude for IR range (see definition of the models in
Section 1.2) in both cases. The ellipsometric parameters Ψ
and Δ (experimentally measured and computed with the
models shown in the first row), the film thickness and the
optical constants (obtained from the best fit), together with
the Mean Squared Error (MSE) are presented in Fig. 11 for
the range 0.35–33 µm (0.03–3.5 eV).

The transition between the spectral regions of the two
ellipsometers (from 1700 nm alias 0.72 eV) is hardly
noticeable in the data, indicating a good agreement between
these two separately fitted regions.

The vibrational bands of ITO films were obtained directly
by IRSE (300–1400 cm−1) spectra of Ψ and Δ (Fig. 12 and
Table 3).

The Infrared spectra of the ITO thin films reveal the
presence of vibrational bands which were attributed to
In–O–In, In–OH, Si–OH, and Si–O–Si, respectively [94–99].
The observed infrared modes are in good agreement with the
vibrational bands from literature.

5 Complex features of ellipsometric analysis

5.1 Porosity and porosimetry

5.1.1 Porosity

It is well known that by sol–gel method pores are easily
achieved in the thin film structure. Duta et al. [69]. showed
that the ITO films obtained by sol–gel have a porosity of
11–19% in comparison with the ITO films prepared by
sputtering (2–10%). The values of porosity were calculated
from ellipsometry, knowing the refractive index, as it is
shown in the following equation:

P ¼ 1� n2 � 1
n2d � 1

� 100ð%Þ ð13Þ

where n is the refractive index of current material and nd-
the refractive index of the material without pores.

Generally, there are two kinds of porosities in the films:
intrinsic and extrinsic. The intrinsic one is related to the
preparation method and is formed by small micropores
(< 2 nm) of similar size as crystallite size (~10 nm). One
suitable example is of TiO2 sol–gel film doped with PEG
[100]. This film has an intrinsic porosity due to the pre-
paration method and doping with PEG (polyethylene gly-
col) leads to an extrinsic one, where the pore size is
determined by PEG molecular weight. The extrinsic por-
osity is very significant after the first layer deposition.

SE measurements have shown that the total porosity
(intrinsic and extrinsic) has similar values for all doped
films after the deposition of a second layer, independent of
the molecular weight of the PEG used, due to the densifi-
cation of the films, that confines extrinsic porosity to the
film outer surface. Cross-section SEM analysis of the films
confirmed that in multilayer films extrinsic porosity remains
located mostly at the outer layer of the film [101]. It was
observed also that the pore size is influenced by the nature
of the substrate, thus the pores are larger (50–200 nm) when
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the films are deposited on FTO (Fluorine doped Tin Oxide
coated glass) compared to glass (microscope standard
slides) or silicon (below 20 nm) [102].

Some examples of porous films investigated by ellipso-
metry can be found in the application of mesoporous
sol–gel silica thin film as vapor sensor in humid

Fig. 11 Comparison between the
optical properties of ITO sol–gel
films deposited on: (a) glass, (b)
SiO2/glass and (c) SiO2/Si
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environments [103], inorganic sol–gel films obtained from
organic precursors (evaluated by SE and TEM showing
small pore dimension and regular arrangement) [104],
sol–gel polyfluoroalkyl-silica films with antireflection
properties for photovoltaic application [105].

On the other hand usage of the Effective Medium
Approximation (EMA) model (see Section 1.2) in ellipso-
metric spectra simulation is a direct and fast determination of
the volume fractions of the film components and their porosity
(void content). An example in this regard is the analysis of

Er-doped SiO2-TiO2 binary system (used in planar optical
waveguides). The films were deposited on oxidized silicon
wafers by sol–gel dipping and spinning methods and annealed
30min at 900 °C. By fitting the ellipsometric spectra with
EMA model, the volume fractions of SiO2, amorphous TiO2,
anatase, rutile, and voids were obtained [106]. In Table 4 are
exemplified some papers related to the porosity calculations on
the TiO2 sol–gel films.

5.1.2 Porosimetry

The stringent necessity to find out the porosity of thin films
led to the construction of an independent apparatus, Ellip-
sometric Porosimeter (EP), which is a device that couples
the classic spectroscopic ellipsometer with an adsorption
tool. An important feature of EP is the obtaining of the
amount adsorbed during the experiment through the evo-
lution of the optical properties of the porous material [114].

The uniqueness of the EP technique relies on its capacity
to measure the porosity of extremely thin films, <10 nm, on
its speed of measurement and reproducibility. It is well
matched for extremely thin film pore size and pore dis-
tribution measurements, but the most fundamental feature of
EP is to determine the open film porosity.

Löbmann highlighted the general features of the EP on
TiO2 [115] and TiO2-MgF2 [116] sol–gel films. In his
review [117] he showed the possibility to evaluate open
porosity, pore radius distribution and elastic properties
in situ measurements. More than that, in this review the

Table 3 The vibrational bands of the ITO films from IRSE analysis
and their assignation from literature

Substrate / Vibrational
bands (cm−1)

Vibrational band
from literature (cm−1)

Assignation of the
chemical bands

Glass SiO2/ Glass Si

376 359 371 378 [94] In–O

435 432 469 449, 476 [94, 95] ITO

522 525 525 520 [96] Si

610 − 585 564, 603 [95] ITO

856 849 843 854 [97] In–OH

919 893 909 880 [97] Si–OH

997 987 1016 962 [97] Si–OH

1107 − 1057 1070, 1110 [98, 99] Si–O–Si

1236 1236 1236 1200-1260 [99] Si–O–Si

Fig. 12 Experimental and
simulated Ψ and Δ spectra of
ITO sol–gel films deposited on:
(a) glass, (b) SiO2/glass and (c)
SiO2/Si
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authors present a comparison between results obtained by
EP and UV–vis Spectroscopy and SEM. The porosity
depends on the sol–gel synthesis, number of depositions,
thermal treatment and type of dopants. AZO thin films were
deposited on borosilicate glass in coating-firing cycles
(intermediary thermal treatment at 550 °C for 10 min after
each layer deposition, followed by the final thermal treat-
ment at 500 °C for 1 h in forming gas) [118] until the
desired thickness is achieved. The authors showed that the
porosity of a sol–gel Aluminum doped Zinc Oxide (AZO)
film, with 90 - 125 nm thickness, containing 3 layers
decreases from 14 to 5% after 7 depositions, arriving at 3%
after 15-fold coating. The decrease in AZO porosity with
the number of layers is related to the thermal treatment of
the samples, during sol–gel synthesis.

Recently, Reid et al. [119] used EP in the study of the
mesoporous inorganic thin films and Loizillon et al. [120],
with the help of EP get advanced insights on the pores
interconnectivity in the mesoporous silica.

The thickness and porosity both play an important role in
the electrical (electrochemical) properties of thin films
and/or substrates, which could be useful for a lot of appli-
cations, such as: gas and biosensor, solar cell, and so on
[69, 114, 117].

5.2 Anisotropy

Anisotropy is defined as the characteristic of a material to
exhibit variations in physical properties along different

molecular axes. So, if we think about a material that exhi-
bits different optical properties depending on the polariza-
tion direction of a light beam propagating through that
material, then we can consider it optically anisotropic.
Anisotropic samples were first characterized by ellipso-
metry in the 1970s with the development of generalized
ellipsometry [121], and later, the anisotropy study was
enhanced due to the development of a new 4 × 4 matrix
method [122, 123] in the 1990s.

The optical properties of a material depend on the under-
lying atomic or molecular structure. In addition, in an aniso-
tropic material the light traveling in different directions leads to
different values for n and k (Fig. 13). This means that the
propagation speed of light varies with the oscillating direction
of the electric field, as a result of the refractive index variation.
According to these refractive indices, anisotropic materials are
classified into two categories, i.e., uniaxial with two different
optical properties (nx= ny ≠ nz), and biaxial with three different
optical constants (nx ≠ ny ≠ nz), respectively.

An important cause of uniaxial properties in sol–gel films
is the in-plane tensile stress [125]. The stresses will influence
the film microstructure during drying and sintering pro-
cesses, which in the end will cause the mechanical failure of
the films. This makes difficult to achieve the desired thick-
ness of single sol–gel coating for inorganic films.

Birefringence is a measure of optical anisotropy, defined
as the maximum algebraic difference between two refractive
indices measured in two perpendicular directions. If we
consider a birefringent material, then the incident light splits

Table 4 The time evolution of the papers involved in the porosity calculation of the sol–gel TiO2 films by ellipsometry

Year of publication Studied films Highlights Papers from
literature

1997 Undoped TiO2 It is the evidenced the dependence of pore volume by the water and solvent quantity
in the preparation of the sol process.

[100]

2007 TiO2:Au The mass-transfer processes within the films were optimized by following the
porosity changes during film synthesis.

[107]

2008 TiO2:S It is underlined the influence of the annealing temperature and deposited layers
number on the porosity.

[108]

2011 TiO2:Hg It was correlated the change in porosity with the increase in the size of the grains,
the density of the layers and/or pore destruction in films during increasing treatment
temperature and number of dipping.

[109]

2014 TiO2:PEG The addition of PEG leads to an extrinsic porosity, where the pore size is
determined by PEG molecular weight.
It is shown the influence of the substrate on the film porosity.

[101, 102]

2015 TiO2—P2O5 The dependence between pore size and proton conductivity—a new route in the
design of highly proton conducting mesoporous inorganic thin-films.

[110]

2016 Nb-doped TiO2 Controlling the sensitivity of the CO sensor by the film porosity. [111]

2016 TiO2:Al2O3 Open porosity variation of the film with dopant ratio. The film performances depend
on the material composition rather than on the annealing temperature

[112]

2019 TiO2 The adjustment of the porosity of Titania, by modifying the sol–gel fabrication
process, to obtain the desired permeability for liquids and gases in sensing devices.

[113]
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into two beams as it travels through the material. The pro-
pagation speed is constant when the oscillating direction is
perpendicular to the optical axis and such light beam is
called the ordinary ray, which experiences constant
refractive index no. But the light beam whose oscillatory
direction is parallel to the optical axis and its speed varies
with the direction is called the extraordinary ray and
experience refractive index ne that varies with the direction
of propagation of the light.

Examples of anisotropic materials consist of crystalline
materials with tetragonal (rutile), hexagonal (sapphire),
rhombohedral (BiFeO3) orientations, crystalline organic
chains, liquid crystals, sugars, materials that may be strained
during processing, like PET sheets and spin-on films and
materials with preferred orientation growth, especially
columnar films. Anisotropic thin films are used in devices
that rely on the manipulation of polarized lights, like liquid
crystal displays, beam splitters, wave plate designs, just to
name a few. Therefore, an improvement of the birefringence
is desirable. We find such an example in the study of Xiao
et al. [126]. on SiO2 thin films. They found that the as-
deposited SiO2 thin films are porous with a tilted-columnar
structure and low refractive index. By infiltrating ZrO2 into
SiO2 columnar films, the linear birefringence is greatly
enhanced. The transmission measurement results showed an
increment in transmission difference (ΔT) of about ten
times larger than that of as-deposited films.

Anisotropy can be natural or induced (for example by
thickness-strain [127] or thermal treatment). One example
of natural anisotropy is presented by Gartner et al.[128]. in
the case of multilayer Fe2O3 films, deposited by the sol–gel
method on glass substrate (Fig. 14).

The ellipsometric measurements showed that the bire-
fringence values (Δn= n0–ne) of the sol–gel films

(0.05–0.08) are smaller than the values of the α-Fe2O3

single crystal [129] (which are around 0.28), but increase
with the crystallization of the films.

An induced anisotropy by the strain of different thick-
ness and substrates of VO2 sol–gel films was studied by
Wan et al.[130].. They used in the ellipsometric fitting
procedure of the film, grown on c-plane-oriented sapphire
the anisotropic model because the sapphire in the mid- and
far infrared presents a significant dispersion.

To study the growth kinetics of thin films during fabri-
cation processes, both ex situ and in situ spectroscopic
ellipsometry can take the anisotropy and the porosity of the
films into account, as Laha et al. showed in the case of ZnO
nanocrystalline layers [12]. They found that the asymmetric
shape of the in situ curves, just as for the ex situ mea-
surements, demonstrates the anisotropic nature of the layer,
which in itself can be considered as a first indication of ZnO
nanocrystal array growth.

Evtushenko et al. [131] reminded that TiO2-based films
may have anisotropy which can be used in many integrated
optics applications. To this end they prepared sol–gel TiO2

films and thermally treated them at different temperatures
(350, 400, and 450 °C) to follow the crystallization process
of the samples and the induction of anisotropy. They found
by ellipsometric studies that optical anisotropy increases
strongly, upon formation of anatase, yielding in-plane
birefringence values that doubled from 0.11 to 0.22 in the
case of TiO2 thin films deposited at 60° and annealed at
400 °C. Raising the annealing temperature to 900 °C to
form rutile, the thin film birefringence increased further, but
also led to low optical transparency due to increased
absorption and diffuse scattering.

Koziara et al. [132] studied spin-coated polymer films
and found that water sorption reduces the internal stresses in
such polymeric membranes, and, therefore, it reduces the
optical anisotropy, which is strongly correlated with the
density of the films. Also, a high concentration of the
deposition solution may increase the optical anisotropy of
the resulting films, associated with the preferred orientations
in the in-plane direction of the polymer chains.

Fig. 14 The dispersion of ordinary (no) and extraordinary (ne) refrac-
tive index of Fe2O3 film with two depositions and thermally treated 1 h
at 300 °C [Reproduced from reference [128] with the permission of
Springer]

Fig. 13 Schematic view of the refractive index ellipsoid for a uniaxial
material [124]
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The emerging class of low-symmetry two-dimensional
(2D) materials, crucial for creating diverse nanoscale devi-
ces, involves the study of the optical anisotropy, as one of
the most fundamentally physical characteristic. The eva-
luation of anisotropic features of 2D materials requires a
highly sensitive optical method and ellipsometry is one of
them [133]. It is a very challenging approach due to the very
small thickness of such materials and also the technological
process of achieving 2D materials must be very pure.

Nowadays, spectroscopic ellipsometry is employed
widely to study the anisotropic properties of insulators,
semiconductors and organic materials [20] and provide
exciting new challenges to ellipsometry researchers.

5.3 Mapping

For the characterization of thin films, the mapping techni-
que is very useful in order to evaluate the uniformity of the
sample thickness and/or optical distribution. The software
uses a predetermined rectangular or circular model for
scanning the surface and generates a thickness map. The
spot size is 250 × 600 µm (on sample) and the data acqui-
sition rate (per measurement spot, entire spectrum, in s): 0.3
(fastest), 1-2 (typical).

For example in the case of thin reactive sputtered ZnO
films [76], the mapping analysis showed the influence of the
substrate and the nitrogen amount (from the deposition
atmosphere, which is a mixture of N2, O2, and Ar) on as-
deposited film thickness (Fig. 15, Table 5). In this case the

uniformity of thickness determined by ellipsometric map-
ping is around 90% for the sample deposited on fused silica
and 96% for those deposited on silicon substrate [76].

The mapping analysis was also used with good results in
the last years on films prepared by sol–gel [134, 135], ALD
[136–138] and Plasma Enhanced Chemical Vapor Deposi-
tion (PECVD) films [139, 140].

5.4 Bowing parameter

In general, the variation of band gap (Eg) in alloyed
materials is a linear function of component concentration,
respecting the Vegard’s law:

Egalloy ¼ 1� xð ÞEgA þ xEgB ð14Þ
where EgA, EgB, and Egalloy are the corresponding band gap
of pure A, pure B, and of the alloy

x is the fraction of one ingredient in a composite AxB1–x

material

Fig. 15 Uniformity of ZnO:N
as-deposited films on fused
silica and silicon, resulted from
ellipsometry mapping
[Reproduced from reference [76]
with the permission of Elsevier]

Table 5 Maximum/minimum values of the layer thickness and of the
uniformity for as deposited ZnO:N films on silicon and fused silica
function of nitrogen content resulted from ellipsometric mapping

N2 (%) dfilm (nm) deposited on Si dfilm (nm) deposited on
Fused Silica

10 183.1/178.7 155.7/140.7

25 100.1/91.7 101.5/92.7

40 198.7/193.2 187.2/178.4
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However, there are a lot of cases where the variation of
Eg is not linear. In these cases, the Vegard’s law is trans-
formed in the parabolic equation:

Egalloy ¼ 1� xð ÞEgA þ xEgB � bxð1� xÞ ð15Þ
where b is denoted as “bowing parameter”.

For example in the case of AlInN alloy [141], using this
formula it was obtained b= 10.36, which is a valid value
for pseudomorphically grown layers with an indium content
between 13 and 24% only. A comparison with literature is
shown in Fig. 16.

As can be seen in Fig. 16, in the case of AlInN alloy, but
not only, the Eg values available in the literature vary sig-
nificantly from publication to publication depending mainly
on the deposition method. While Lukitsch et al. [149] report
on samples grown by MBE, Peng et al. [143] and Guo et al.
[144] used a sputtering technique. Samples grown by
MOVPE were investigated by Yamaguchi et al. [145],
Hums et al. [150]. and Kim et al. [146]. Theoretical cal-
culations were performed by Goano et al. [147] as well as
Wright and Nelson [151].

The bowing parameter concept was expanded from the
films obtained by physical methods to the films deposited
by chemical methods. It is known that the Eg value is a
compositional and structural phase dependent parameter
which varies with precursor concentration and aging con-
ditions (time, temperature) and with dopant concentration
for the doped films. Due to the fact that the design of the
sol–gel film function of doping is one of the keys in
obtaining a film with desired properties, we tabulated the
papers from literature, which are dealing with this subject.
Table 6 shows how the bowing parameter varies with the
type and concentration of the dopant in the case of ZnO,
TiO2 and ITO sol–gel films in some of the recent papers
[35, 152, 153].

In conclusion the Bowing parameter is a useful factor for
predicting the content of dopant necessary to obtain a spe-
cific value for film bandgap.

The optical band gap is given by the following relation:

αhνð Þn¼ A hν � Eg

� � ð16Þ

where α is the absorption coefficient, hν is the photon
energy, A is a constant, Eg is the band gap and n denotes the
type of transition (n= 2 for direct gap semiconductors)
[165, 166] while the Urbach absorption tail is described by
the following relation:

α ¼ α0exp
hν

Eu

� �
ð17Þ

where, α is the absorption coefficient, α0 is a constant, hν is
the photon energy, and Eu is the Urbach energy.

The Urbach energy represents the width of the tail of
localized states inside the band gap, which leads to
absorption below the fundamental band gap. It is the largest
in materials that are amorphous and have a large number of
defects. As the defect density decreases, the Urbach energy
should also decrease.

Miao et al. [156] studied the effect of Er doping and
annealing on optical properties of ZnO sol–gel spin-coated
thin films, deposited on a quartz substrate, and they found
for the pure ZnO films a steep Urbach tail, while the films
with 0.05 at.% of Er showed a slight broadening tail. A
more broadening effect was observed for samples treated at
1000 °C. These effects might be due to alternation of band
gap due to local strain or change of structure disorder and
crystallinity and due to the non-homogeneous distribution
of the minor impurities.

The doping effect on the Urbach energy was investigated
also by Ali et al. [159]. In their work La and Sm doped ZnO
films were deposited by spin coating on Si substrates, the
concentration of La and Sm being varied between 0.2 and 5
wt%. They found that the optical bandgap of ZnO thin films
shifts towards higher wavelengths (red shift) on incorpor-
ating La and Sm, due to their increased absorption ability for
visible light, Sm doped films being more absorbing in the
visible region as compared to La-doped ZnO films. This
decreasing trend of Eg is due to the introduction of energy
levels within the forbidden band just below the conduction
band. By doping with La and Sm, high concentration of
defects is introduced, which is responsible for the pertur-
bation in band structure. These defects can be determined by
Urbach relation. Eu dependence on the dopant concentration
is opposite to that of Eg: higher Eu values indicate the higher
concentration of defects, which creates more impurity levels
within the forbidden gap, which leads to Eg decreasing. The
red shift observed in this case suggests that the doped ZnO
films may be used as visible light photocatalysts.

An opposite shifting effect (namely, a blue shift) was
observed in the case of Er-doped ZnO films in the work of
Chen et al. [167], due to the Burstein-Moss effect [168]. In

Fig. 16 Energy bandgap vs indium content: [141–148], [Adapted from
reference [141] with the permission of AIP Publishing]
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a semiconductor if we have some populated states closed to
the conduction band, then this might lead to an increase in
the band gap, as the absorption edge is pushed to higher
energies; this phenomenon is known as Burstein-Moss
effect. The effect occurs when the electron carrier con-
centration exceeds the conduction band edge density of
states, which corresponds to degenerate doping in semi-
conductors, meaning that an electron from the top of the
valence band can only be excited into conduction band
above the Fermi level since all the states below the Fermi
level are occupied states. Thus, the main observation in the
work mentioned above, is that the optical band gap
increases after Er doping and the blue shift of the band gap
is due to the amorphous phase in the films.

Another example concerning the blue shift of the band edge
is found in the work of Speaks et al. [153]. Al-doped ZnO and
ZnO thin films were spin coated on glass substrates followed
by annealing. The results showed that at higher concentration
of sol gels, the obtained films aged more quickly and presented
better properties, had larger grain sizes and the blue shift of the
band edge became larger. As the grain size increases, the
Urbach energy decreases, and the band gap of the doped ZnO

films is higher that the un-doped films, thus a blue shift occurs.
The annealing is necessary to obtain highly crystalline films,
and it must be done above 450 °C for 1 h. Otherwise, low
quality films are obtained, which will cause an increase in the
band gap of ZnO, due to changes in crystallinity, in defect
density or in tensile or compressive stress.

6 Prospects and drawbacks

A future challenge in ellipsometry is the further develop-
ment of the available databases in order to cover the effects
of composition, stress and defects, mainly in the topic of
solar cells [169].

Also, future ellipsometric studies are expected to provide
a greater understanding in important fields such as biology
and medicine. A higher accuracy or extended wavelength
ranges are necessary in these fields in order to overcome the
difficulty represented by the similarity of visible-near UV
spectra among organic materials [170].

In biological analysis, measurements at multiple angles
of incidence are difficult to be performed in situ at the solid/

Table 6 Papers from literature
related to Eg variation vs dopant
concentration for sol–gel ZnO,
TiO2 and ITO films

Year of
publication

Dopant
concentration (%)

Eg variation Literature

ZnO films

2009 Mg (0–1) EgðMgxZn1�xOÞ ¼ 3:333þ 1:1818x [154]

2013 Mn (0–0.2) EgðZn1�xMnxOÞ ¼ 3:176þ 1:924x [155]

2013 Er (0.5–3) Eg(ZnO:Er) has a parabolic behavior with the increasing
of the Er concentration.

[156]

2014 Cu (0–0.1) Eg decrease from 3.43 to 3.22 eV. [157]

2017 Mn (0-0.6) EgðZn1� xMnxOÞ ¼ �0:0331xþ 3:1752 [158]

2018 Fe (6–8) Eg increases from 3.2 to 3.7 eV. [38]

2019 La, Sm (0.2–10) Eg has a decreasing trend with both dopant
concentrations.
A linear relationship between bandgap energy and
Urbacha energy is established.

[159]

2020 Al (1.5–3) Effect of concentration, aging, and annealing on band gap
and Urbach energies is presented.
Eg tends to decrease with increasing aging time for all Al
concentrations.

[153]

TiO2 films

2008 Co (0–12) Eg decreases when Co content increases. [160]

2009 Fe (0–25) Eg decreases when Fe3+ content increases. [161]

2010 Fe (2–10) EgðTiO2 : FeÞ ¼ 3:43� 0:41x [162]

ITO films

2009 Zr (5,10,15) Eg values retrieved from Ellipsometry (3.51–3.93 eV)
were closer to the bulk indium oxide band gap value
(3.6 eV) than that obtained from Kubelka–Munk method
(2.63–3.06 eV).

[163]

2013 Co (1,3,5,8) The optical band gap gradually decreases with improved
cobalt concentration from 3.91 eV to 3.70 eV

[164]

aIn order to understand the Urbach absorption, it is necessary to establish its relation with the band gap
energy.
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liquid interface due to the cellular limitations compared to
the measurements in air, which can be considered a dis-
advantage of the ellipsometric method.

Moreover, the use of ellipsometry during heating/cooling
process of a sample offers the possibility to study the
dielectric properties of films during glass transition, as Hajduk
et al. [171] showed for polymer films designed for organic
optoelectronic devices. The advantage of this approach is to
determine the temperature dependence of the thermal
expansion coefficient and the spectral dependence of the
thermo-optic coefficient, thus the ability to determine the
thermal transition depth profiles, and to separate the reversible
from irreversible processes. The drawback of the method
consists of its complex modeling and time-consuming.

7 Summary

Our intention in this review was to prove that the spectro-
scopic ellipsometry is a versatile characterization technique
for thin films, which can be used in a wide variety of
applications. The following aspects were highlighted:

– basic knowledge of the appropriate models for fitting
the experimental data, depending on the sample
structure, composition, and appropriate application of
the studied materials

– the versatility of the ellipsometry in the characterization
of thin films

– the reliable results offered by SE in agreement with
complementary methods, concerning film thickness and
optical constants, as well as composition, structure and
electrical parameters

– the direct information obtained from SE spectra,
including visualization of different bands, estimation
of film thickness, stability of the films and optical
phonon contributions

– the spectral features of the films in VUV and IR spectral
ranges. The possibility to obtain, for a certain film, the
optical constants over a wide spectral domain

– the porosity evaluation by SE. Examples presented in
this review illustrate the suitability of SE in determining
extrinsic and intrinsic porosity of sol–gel thin films. The
porosimeter, as a spin-off independent device starting
from SE, was also mentioned

– the possibility of SE to offer information on the film
anisotropy, which is a particularly challenging task for
2D materials, crucial for creating nanoscale devices

– the surface mapping over large areas, which can be
extremely useful not only in the Si wafer manufacturing,
but also in the evaluation of uniformity of some film
parameters (thickness, optical constants)

– the nonlinear variation of Eg with different technolo-
gical parameters (like dopants, precursor concentration
and aging conditions) via the bowing parameter (the
nonlinear term of Eg variation) in connection with these
factors. Knowing the bowing parameter of each material
is very helpful in the design of films with predetermined
properties

– the evaluation of Urbach energy and its dependence on
the optical band gap, a very useful approach in
describing the phenomena in the adsorption region

As a general comment we can say that the correspon-
dence between the results obtained by SE and other tech-
niques is a very good one, highlighting the sensitivity and
versatility of ellipsometry, a useful characterization techni-
que in the field of sol–gel thin films.
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