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Abstract

Thin films play an important role for many optical systems in industrial and scientific
applications. The requirements of thin-film production regarding the quality and homo-
geneity of the material properties demand a precise control over the manufacturing pro-
cess. Therefore, suitable measurement technologies are a necessity. The demands on such
a metrological system are a high resolution in measured thickness and a high acquisition
speed in order to satisfy the needs of an in-line application. Commonly used techniques,
such as reflectometry or ellipsometery are able to measure in-line, but suffer from some
drawbacks. While reflectometry is limited in thickness resolution, ellipsometry performs
significantly better. On the downside, ellipsometry demands a high surface quality of the
sample. Interferometric technologies are an alternative to the state-of-the-art and do not
suffer from the aforementioned limitations. This work presents a new approach for the
thickness estimation in thin films with nm-precision, based on low-coherence interferom-
etry. The interferometer consists of a Mach-Zehnder-core and is illuminated by a laser
driven plasma light source. The output of the interferometer is collected by an imaging
spectrometer. An element with known dispersion is placed in the interferometer’s sample
arm and delivers a controlled phase variation in relation to the wavelength. This phase
variation is dependent on the thickness of the material and its wavelength-dependent re-
fractive index. Furthermore, the phase variation is characterized by a stationary point,
the so called equalization wavelength. Changes in the thickness of the material under test
will shift the equalization wavelength and transform its interference amplitude. As the
phase variation due to a thin film is rather small, an additional carrier material, e.g. the
substrate, is used to track changes of the equalization wavelength and its amplitude. In
combination with a high-resolution spectrometer, thickness estimation with the precision
of a few nanometers can be achieved. The thin films are spatially resolved within a single
acquisition by using an imaging spectrometer. In this work, a novel experimental proce-
dure for thin-film characterization and its data analysis is described. The experimental
setup was evaluated on thin indium-tin-oxide layers. It was shown that the thickness
resolution is on the order of a few nanometers, with a spatial resolution of 4 µm. The
advantage over other conventionally used methods, like reflectometry and ellipsometry, is
that data acquisition and signal processing are much faster and spatial resolved data is
gathered in a one-shot, scan-free approach.
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1 Introduction to Thin Films

Quasi two-dimensional layers with a thickness from a few nanometers to about one micron
[1] are categorized as thin films. Thin layers were known from very early times. Already,
Sir Isaac Newton [2] related colors of light to specific sizes of slight air gaps between two
glass surfaces, known as the famous Newton’s rings. At this time, Newton struggled with
an explanation, since the nature of light was not far advanced. In 1801, Thomas Young [3]
provided the first satisfactory explanation of these effects with the theory of interference.
But to the contrary, Young’s theory did not achieve universal acceptance. Recognition
and approval came slowly with the work of Jean August Fresnel and finally the great work
of James Clerk Maxwell in 1873 which together gave a consistent theory of light and is
the basic theory for the analysis of optical thin films.
In the middle of the nineteenth century, deposition techniques like sputtering and vacuum
evaporation were developed and made the manufacturing of thin films more and more
reliable and led to the expansion of this field. Nowadays, thin films have evolved to
an ubiquitous subject matter in our life. Thin films can be found almost everywhere
in daily life as foils, food packaging, display technologies or anti-reflection coatings on
our glasses. A good many colors in nature also result from interactions of light with thin
films. For example the impressive colored wings of a butterfly or the incredible appearance
of peacock feathers. These phenomena are impressive; however, the enormous amount of
various thin-film applications in science and technology might seem even more impressive.
They can be used as protective, adhesive or absorbing layers or as conducting or anti-
reflecting coatings. Combining multiple layers together enabled the use of thin films for
challenging tasks in optical technologies, to name but a few: optical filters and chirped
mirrors. Perhaps the most commercial use of thin films is that in microelectronics like
processors, RAMs or hard drives. This list could be extended almost without end.
Although all of these applications have to fulfill different tasks, they have one thing
common, their functional dependence on film thickness and material composition. A
specific function, determined by the layer thickness, might seem odd at first. One would
naturally expect the characteristic properties to be independent of volume, as it is the case
in bulk materials. But thin films are different from bulk materials due to their increased
surface-to-volume ratio. This has the effect that grain boundaries, lattice defects and
voids as well as non-equilibrium microstructures are more predominant and hence give
rise to significant influence on physical properties inside a thin film [4].
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The requirements of thin-film production regarding the quality and homogeneity of the
material properties demand a precise control over the manufacturing process, which ne-
cessitates suitable measurement techniques. Such measurement technologies demand high
acquisition speed and thickness resolution. Optical metrology systems provide these re-
quired features and are therefore usually the method of choice for thickness estimation.
Optical technologies are nondestructive, accurate and require little to no sample prepa-
ration. Beyond thickness estimation, optical systems are able to characterize materials
regarding roughness, defects and material compositions [5–9].
Optical metrology exists in various configurations with different features and merits. Two
types of measurements are said to be the most prominent technologies in thin-film char-
acterization: ellipsometry and reflectometry. Both methods analyze samples by detecting
the light, which is reflected from the specimen. Reflectometry measures pure intensities
and is therefore a power measurement. Ellipsometry, on the other hand, acquires complex
quantities. This makes an ellipsometer necessarily more complicated than a reflectometer
but also provides higher accuracy. The higher accuracy, however, also has the consequence
to place high demands on the investigated samples. Moreover, the rotating parts in the
ellipsometer make it comparatively slow and also expensive. Reflectometers provide faster
data acquisition and are cheaper. But as already mentioned, this advantage is payed for
worse resolution.
Interferometers are used for a wide variety of tasks in industry and science. Industry
uses interferometry to test optical components [10] or for high precision examination
of surface topography [11, 12], just to name a few examples. However, interferometers
were not known for thin-film characterization. Just recently low-coherent interferometry
began to find new applications in the realm of thickness profile measurements of thin-film
layers [13–16]. The actual thickness determination of thin films might seem to be still
an issue. Although, there are interferometric systems which are able to do so, they often
do show significant disadvantages. Probably the best system at the moment is a spectral
foureier domain optical coherence tomography (OCT) approach [17]. The problem with
this technology is the lower film thickness limit. Layers thinner than 500 nm cannot
be resolved by such a system. This is an enormous problem, since typical thin-film
applications usually require smaller thicknesses than that. The presented technique in
this thesis uses reference samples of known dispersion to deliver a controlled variation of
the interferogram. By this modification, a stationary point is created that is extremely
sensitive even to the smallest thicknesses and thickness changes on the order of one nm.
The developed technology therefore extends its scope to the characterization of thin films
thinner than 0.5 µm. By combining the advantages of the established methods, this
novel technology enables very precise thickness measurements while maintaining high
acquisition speed. Therefore, this method is advantageous over the standard methods
such as ellipsometry and refleometrey.



2 Classical Electromagnetic Theory of
Thin-Film Optics

This instructional chapter covers the basic theories of electromagnetic radiation, like its
propagation behavior, their ability to interfere and reflection and refraction at material
boundaries. These characteristics have a crucial role for the layer thickness estimation
and the understanding of optical metrology devices. Furthermore the concept of re-
fractive index and dielectric function are introduced, which describe the interaction of
electromagnetic waves with matter. After introducing the basics of electromagnetic wave
propagation, this chapter will finally cover the topics of thickness estimation of optical
thin-films and the connected concepts of coherent and incoherent superposition as well as
thin film interference.

2.1 Basic Properties of Light and it’s Interaction with
Matter

Fundamentally, the optical properties of a thin film are nothing more than its reactions to
light. Therefore, thin films can be characterized by reducing the estimation of reflectivity,
transmission, and absorption to a solution of a boundary value problem, involving the
solution of Maxwell’s equations. This classical theory of electro-magnetism is described
by a consistent set of partial differential equations:

∇ · ~D = ρ (2.1)

∇× ~E = −∂
~B

∂t
(2.2)

∇ · ~B = 0 (2.3)

∇× ~H = ~j + ∂ ~D

∂t
(2.4)

They are represented through the electric displacement ~D, electric field ~E, magnetic field
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~B, electric current density ~j and magnetic field strength ~H. Those equations describe how
electric fields are generated in dependence of the electric charge density ρ and by rapidly
time varying magnetic fields ∂B

∂t
. Further, they describe the generation of magnetic fields.

Those emerge from an electric current density ~j and rapidly varying electric fields ∂D
∂t

.
The seminal idea Maxwell brought into this theory is that electric and magnetic fields are
connected and added the displacement current theory to the end of Eq. 2.4. Faraday’s
law and Ampere’s law (with Maxwell’s addition) connect the electric and magnetic field’s
dependence of time and space.
For a whole, consistent theory of electromagnetism, the electric and magnetic flux densities
~D, ~B have to be related to the field intensities ~E and ~H. These constitutive relations
take the following form:

~D = ε ~E (2.5)

~B = µ ~H (2.6)

where ε is the permittivity and µ the permeabilty. These two quantities completely
determine the electric and magnetic properties of dielectrics. In order to describe the
interactions of conducting materials with electromagnetic fields, it is necessary to establish
Ohm’s law:

~j = σ ~E (2.7)

The specific conductivity σ connects the electric current density with the electric field.
The physical models used for ε, µ and σ determine the material’s behavior under the
influence of an electromagnetic field. The general approach to describe a phenomena
that is of electromagnetic nature is to determine the electric and magnetic fields from
Maxwell’s equations under specific assumptions and framework conditions, that suit the
considered interaction. To do so, it is necessary to supplement electric and magnetic field
strength to the equations above. Any electric field impinging on some material, will force
unbound charge carriers to move, which leads to a current density ~j. This induced current
is proportional to the impinging electric field (Eq. 2.7). Every material will respond
differently to an electromagnetic field, depending on its molecular properties. In contrast
to conductors, as described above, insulators (dielectrics) do not have any free, unbound
charges, at least not in equilibrium states. This means that all electrons in atoms, ions
or molecules are bound in some way and therefore will not be deflected much by the
field. Therefore, conductors and dielectrics respond very different to electromagnetic
fields. Usually, only the electrons are significantly displaced by the electric field. Due
to their inertia, ions are not able to follow the E-field. That is why every atom in the
body of condensed matter becomes an electric dipole. The polarization density is the sum
of all permanent and field-induced atomic, electric dipole moments. The electric dipole
moment, induced per unit volume by the E-field is the electric polarization and therefore
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describes a material’s response to an electric field. Its approximate linear quantitative
description is:

P = ε0χe
~E (2.8)

Whereby χe is the dielectric susceptibility. In the framework of Maxwell’s theory suscep-
tibility χ and dielectric constant ε constitute the optical material functions. Those are the
utmost important material properties in linear optics. They determine the material-light
interaction and are therefore commonly used in optics to characterize samples, especially
in thin-film optics. The induced dipoles will oscillate with the same frequency as an
applied time-harmonic field. This leads to a displacement field, where the macroscopic
polarization contributes via:

~D = ε0 ~E + ~P = ε0 ~E + ε0χe
~E = ε0(1 + χe) ~E = ε0εr

~E (2.9)

εr is the relative permittivity of a material. The magnetic field strength ~H also causes a
current displacement, in consequence of the Lorentz force acting on free electrons. Another
reaction that arises from the magnetic field is a magnetization ~M , which contributes to
the magnetic induction in a material, with the relative permeability µr, through:

~B = µ0 ~H + µ0 ~M = µrµ0 ~H (2.10)

If it is assumed that the applied fields are time harmonic and no static charges are present,
Maxwell’s theory yield the wave equations for electric and magnetic field, whose solutions
have the form of the following equations:

~E(t, ~r) = Re
{
~E0e

−i(ωt−~k~r)
}
, ~B(t, ~r) = Re

{
~B0e

−i(ωt−~k~r)
}

(2.11)

These solutions describe the electric and magnetic fields ~E, ~B with dependence on time
t and space ~r. Whereby ω is the angular frequency and ~k the wave vector. Those are the
well known equations of a homogeneous plane wave. Electric and magnetic field vectors
form a right handed coordinate system with the wave vector, where ~k is the propagation
direction of the wave. For this reason electromagnetic waves are so called transverse waves.
Since ~E and ~B are connected it is generally sufficient to treat electromagnetic phenomena
using only the electric components. Wave vector and frequency are connected through the
dispersion relation (ω = ck). This relation describes the behavior between the frequency
of a wave and the material properties. c is the phase velocity of an electromagnetic
wave. The speed of light is qualitatively described by material properties in the following
manner:

c = 1
√
εµ

= c0√
εrµr

= c0

n
(2.12)

c0 is the speed of light in free space and n the refractive index of a material. The refractive



2 Classical Electromagnetic Theory of Thin-Film Optics 6

index is wavelength/frequency dependent and changes with temperature or pressure. The
refraction index is, in fact, a complex physical quantity and so is the dielectric constant,
since both are connected through the maxwell relation (n = √εrµr):

ñ = n(λ) + ik(λ), ε̃ = ε1(λ) + iε2(λ) (2.13)

In the above eqution, n is the real part of the refractive index, which therefore describes
the phase velocity of light in a material. The imaginary component of the refractive
index is k, often referred to the extinction coefficient. It describes the attenuation of an
electromagnetic wave by a material. The spectral relation between real and complex parts
are represented by certain optical dispersion models. There are physics-based models such
as Forouhi-Bloomer [18, 19], Drude and Tauc-Lorentz model, which describe the optical
behavior of a material through interband transitions or free-electron gas models. On the
other hand, there exist empirical formulas like Cauchy [20] or Sellmeier [21, 22] models.
All dispersion models are capable of describing optical behavior very well, but usually
their application range is limited to only one specific material. For layers that show little
absorption in the spectrum of interest (e.g. a glass substrate) generally Cauchy (Eq. 2.14)
and Sellmeier models are sufficient to determine reasonable refractive indices [23]:

n(λ) = A+ B

λ2 + C

λ4 (2.14)

These models are not applicable anymore when films are slightly or strongly absorbing
materials. Such a material is, for example, indium tin oxide (ITO), which was also
examined in the present work. For ITO, the Drude model is especially suitable, as previous
studies have shown [24–26]. The classical Drude model is given by:

ε = ε∞ +
ω2

p

−ω2 + iΓDω
(2.15)

In this model ωp is the plasma frequency, ΓD denotes the damping factor and ε∞ is the
permittivity at infinite frequency. This model performs well when free electrons have a
critical role for the optical characteristics. Tauc-Lorenz models are commonly used for
amorphous materials, like silicon thin films [27–29]. This theory is derived from the Tauc
joint density of states and the standard Lorentz form of the dielectric function’s imaginary
part for a collection of oscillators [30]. As mentioned in the beginning, there are a few
other models that are more or less suited for specific materials and spectral ranges, which
will not be discussed here. However, not uncommonly, various theories are combined for
a precise description of the optical behavior.
From the derived equations above (Eq. 2.11) other important properties of light can be
deduced, which are exploited for the characterization of thin films. The electric field
vector ~E determines the polarization state of an electromagnetic wave, which is used
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in ellipsometers to characterize thin films. A plane wave contains two components that
are perpendicular to ~k. Each of those can be understood as partial waves, which are
independent from another and propagating along the z-axis.

~Ex(t, z) = ~E0xe
−i(ωt−~kz+ϕx), ~Ey(t, z) = ~E0ye

−i(ωt−~kz+ϕy) (2.16)

ϕx and ϕy in the above equations are the phases of the individual waves at t = 0 and
z = 0. The polarization state is than determined by the phase difference ∆ϕ = ϕy − ϕx

and amplitudes ~E0x, ~E0y of the waves. Some examples of light with different polarization
properties are shown in the figure below.

Figure 2.1: Illustration of polarized light. a) 45 deg linear, b) right hand circular, c)left
hand 45 deg elliptical, d)right hand 0 deg elliptical [31]

The phase difference between two different waves defines another property of electromag-
netic waves, their ability to interfere. The principle of interference describes the physical
phenomenon that occurs when two or more electromagnetic waves are simultaneously
present in the same region of space and time [32]. For simplicity, interference is intro-
duced for two present waves (Eq. 2.17) that have a phase difference ∆ϕ = ϕ1−ϕ2 relative
to each other and the same polarization.

~E1(t, z) = ~E01e
−i(ωt−~kz+ϕ1), ~E2(t, z) = ~E02e

−i(ωt−~kz+ϕ2) (2.17)

The superposition of those waves yield a total wave function, which is the sum of the
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individual wave functions ~Etotal = ~E1 + ~E2. This does not hold for optical intensities,
since interference is strongly dependent on phase relations of the involved electromag-
netic waves. The intensity of an electromagnetic field is proportional to the complex
magnitude |E|2. Furthermore, only time averaged intensities can be observed, due to the
high frequencies of the wave, approximately 1015 Hz for visible light, which is much faster
than the response time of any detector. Therefore, the intensity is:

I = 〈E2
total〉 (2.18)

Calculating the total intensity by Eq. 2.18 on the sum of ~E1 and ~E2 yields a cross term,
which is often referred to the interference term:

I = I1 + I2 + 2
√
I1I2 cos(ϕ1 − ϕ2) (2.19)

Depending on the phase relations, the resulting intensity may be smaller, greater, or equal
to the sum of both individual intensities I1 and I2. From the cross term in Eq. 2.19 it can
be deduced, that the interference becomes maximum in the case that the superimposed
waves are of equal amplitudes and same polarization. In general, two types of interference
are distinguished, constructive (Fig. 2.2a) and destructive (Fig. 2.2b) interference.

(a)

(b)

Figure 2.2: Constructive (a) and destructive (b) interference between two fields of same
frequency, dashed curves: individual fields, solid curves: composite field [33]

Constructive interference occurs when the resulting intensities are greater than the in-
dividual intensities I1 and I2. If the phase difference is an integer multiple q of two pi
(ϕ1 − ϕ2 = 2qπ), that is to say, the two waves are in phase, complete constructive in-
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terference is obtained (Fig. 2.2a). In the case that the phase difference occurs to be
2qπ− π/2 < ϕ1−ϕ2 < 2qπ+ π/2, the interference is considered to be partially construc-
tive. On the other hand, destructive interference is the case when the resulting intensity
is smaller than the individual ones. Complete destructive interference, depicted in Fig.
2.2b, accrues when the fields are totally out of phase ϕ1 − ϕ2 = (2q + 1)π and have same
amplitudes. Partial extinction occurs when the fields are totally out of phase and the am-
plitudes are not equal or the phase difference is (2q+1)π−π/2 < ϕ1−ϕ2 < (2q+1)π+π/2.

The ability of light to exhibit interference is strongly dependent on constant or fixed
relations between phases of the interacting electromagnetic fields. The physical concept,
that defines these relations, is called the coherence. Coherence, described in a casual
qualitative way, can be explained as the wavefunction’s dependence on time and space.
Wheras light, which is deterministic, is defined as totally coherent. In other words,
coherent light is completely predictable on time and its position is perfectly periodic.
Oppositely, random light, which is not totally predictable, is said to be partially or not
coherent. A quantitative description of coherence properties is possible via different ways.
One definition to describe the coherence properties is provided through correlation func-
tions that have spatial or temporal dependencies. There are correlation functions of
different orders. The complex first-order temporal correlation function of a stationary
electromagnetic field can be defined as [34]:

Γ(τ) = 〈E?(t)E(t+ τ)〉 (2.20)

Where τ is the time delay between the two correlated complex electric fields at a certain
location and ∗ the complex conjugate. Other definitions, such as the coherence length lc,
quantify the degree of temporal coherence via propagation lengths, and that by implication
is to say propagation times. It is defined as the coherence time times the velocity of light
in vacuum:

lc = cτc (2.21)

This quantity is commonly used in interferometry, since the coherence length describes
the arm-length difference of an interferometer in which interference occurs.
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2.2 Interaction Phenomena in Thin-Film Systems
In order to draw conclusions about the properties of a thin film by light-matter inter-
actions, it is necessary to discuss the effects at the film surface, since this is always the
first contact between wave and film. In contrast to the previous chapter, where light
propagates undisturbed, the situation at material borders is different. Such an interface
(Fig. 2.3) results in a division of the incident wave, with one part being transmitted into
the second medium and the other propagating back in the first medium. In doing so, the
incoming wave changes its propagation direction as well as its amplitude.

Figure 2.3: Scheme of a plane wave, that is reflected and refracted at the boundary
between medium 1 to medium 2 [35]

A plane wavefront with a wave vector kI impinging under an angle θI is reflected at the
thin film’s surface. For this partial wave the refractive index does not change and hence
the wave vector is equal to that of the incident one, kI = kR. In other words, light is
reflected under the same angle as the incident light:

θR = θI (2.22)

This does not hold for incident and refracted angle. The, into the film, transmitted part
of the wave will change it’s propagation direction according to Snell’s law:

n1(λ) sin(θI) = n2(λ) sin(θT ) (2.23)

It results from Maxwell’s boundary conditions that incoming and transmitted light have
to fulfill at the film surface. The refraction angle θT changes due to the wavelength change
in the second medium and becomes smaller than θI when n2 > n1 and bigger in the case
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that n2 < n1.
Optical metrology measures intensities of light after interacting with the film, which is why
the E-field vectors of the respective partial waves must be correlated to obtain the desired
information. All three amplitudes EI , ER and ET are connected within the framework of
the so called Fresnel equations. Those depend on the polarization state of the incident
wave and describe to what proportion the wave is transmitted or reflected in terms of
energy:

ts/p = ET

EI

= 2n1 cos(θI)
n1 cos(θI) + n2 cos(θT ) (2.24)

rs/p = ER

EI

= n1 cos(θI)− n2 cos(θR)
n1 cos(θI) + n2 cos(θR) (2.25)

The intensities transmitted or reflected are obtained by taking the modulus squared of
the corresponding Fresnel coefficients rs/p and ts/p. Since Fresnel coefficients are complex
valued, the considered energy flux density is obtained by the use of the complex conjugate.
In order to consider the different angles of propagation in case of transmission, a corrective
factor has to be added.

Rs/p = rs/p · r∗s/p (2.26)

Ts/p = n2 cos(θT )
n1 cos(θI) · ts/p · t∗s/p (2.27)

If the absorption in the film is negligibly small, it is legitimate to calculate the resulting
intensities by simple squaring the Fresnel coefficients. A real layer system consists of
at least two layers (Fig.2.4), substrate and thin film, and therefore always has several
interfaces, which lead to multiple interference effects. An incoming wave is split at the
thin film’s surface as described above. This process of splitting the amplitudes iterates
at each interface of the layer system if the absorption is weak and leads to multiple
reflections. Light reflected from the film/substrate interface is superimposed with light
that has been reflected on the film surface. This superposition yields constructive or
destructive interference depending on the optical path difference (OPD) the second ray
has gained by propagating through the thin film. The phase difference between surface
and interface is defined by [36]:

β = 2πd
λ

(n2
1 − n2

0 sin θ0)1/2 (2.28)

Thereby, the phase difference might experience an additional phase change. This case
occurs when the index of refraction n1 is bigger than n2. Using the Fresnel coeffi-
cients (r12, t01, t10) and the phase difference β, the second ray can now be defined to
t01t10r12 exp(−i2β). In this manner, the total reflection and transmission of the layer
system can be determined (Eq. 2.29).
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Figure 2.4: Optical model for an ambient/thin film/substrate structure. In this figure,
rjk (tjk) represents the amplitude reflection (transmission) coefficient [36]

r012 = r01 + r12 exp(−i2β)
1 + r01r12 exp(−i2β) , t012 = t01t12 exp(−iβ)

1 + r01r12 exp(−i2β) (2.29)

Analogous to the discussions on interactions on film surfaces, the intensities are calculated
through Eq. 2.26 and Eq. 2.27. In a slightly modified form, this method is also applicable
to systems with more layers. For this purpose, the amplitude coefficients of the substrate
and the layer directly above it are calculated first by Eq. 2.29. The calculation is than
done in this manner upward from the substrate and enables the extraction of the optical
constants of the top layer without detailed knowledge of the underlying layers [37, 38].
The practical implementation of Eq. 2.29 in data analysis is dependent on layer thickness
and coherence properties. As a result, substrates are treated differently than thin films.
An electromagnetic wave impinging on a film, under normal incidence, is regarded. The
corresponding traveling time of this wave, from the surface of the film to the first interface
and back, is t = 2nd/c. The interference phenomena between the wave reflected at the
film surface and the wave traveling back from the film/substrate interface vanishes if the
traveling time of the latter one is bigger than the coherence time of the light.

t = 2nd
c

> τc (2.30)

The coherence time is connected to a specific and finite spectral bandwidth ∆λ [1].

τc = λ2

πc∆λ (2.31)

From Eq. 2.30 and Eq. 2.31 the condition for an incoherent superposition (no interference
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pattern) can be formulated as:

d >
λ2

2πn∆λ, ∆λ > λ2

2πnd (2.32)

If this condition is fulfilled, this is called a thick substrate/slab. When this condition
is met it is sufficient to treat interference as superimposed intensities, neglecting the
information of the electric field. This is not the case for thin films anymore. From an
optical point of view, a layer is called a thin film when practically all multiple, internal
reflections superimpose coherently. This is true when the thickness is much smaller than
the coherence length.

d� λ2

2πn∆λ, ∆λ� λ2

2πnd (2.33)

For the sake of completeness it should be mentioned that there is a third case where the
thickness is smaller and on the order of the coherence length. This is than called partially
coherent and not treated in this thesis.
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2.3 Conventional Thin-Film Characterization Techniques
This chapter introduces the principles of current state of the art in thin-film characteri-
zation and discusses the from these techniques emerging issues.

Spectroscopic Ellipsometry

Spectral ellipsometry is capable in measuring single thin films as well as multi-layer sys-
tems, by measuring polarization changes the light undergoes due to each interface of a
layer system. The occuring interactions are based on the Fresnel equations for transmis-
sion and reflection (Eq. 2.24, Eq. 2.25). Whereby, the so called ellipsometric angles Ψ
and ∆ are measured.

tan(Ψ)ei∆ = ρ = rp

rs

(2.34)

The ellipsometric angle Ψ describes the amplitude ratio, whereas ∆ contains quantitative
information about the phase. The complex value ρ in Eq. 2.34 is the ratio of Fresnel
reflection coefficients for parallel and perpendicular polarized light and further contains
information about the distance traveled within the sample. By use of Eq. 2.34 the
complex refractive index is derived. The interactions of polarized light with a sample are
shown in Fig. 2.5 schematically. Ellipsometric measurements are commonly performed as
a function of wavelength and angle of incidence (variable angle spectroscopic ellipsometry
(VASE)) [39]. Therefore it is possible to make measurements with discrete wavelengths
or by broadband light sources in combination with spectrometers.

Figure 2.5: Measurement principle of ellipsometric thickness estimation [36]

The film’s properties are extracted from the experimental data by developing an optical
model that suits the film material. In addition, various other film characteristics such as
band-gap position, alloy composition and surface or interface roughness can be determined
by spectroscopic ellipsometry [40–42]. Ellipsometric methods are capable of measuring
layer thicknesses below the first interference order with a sensitivity up to 0.1Å [36].
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Ellipsometers exist in various configurations with different features and merits, which
can not be discussed here. However, all measurement configurations have a comparable
arrangement of the essential optical components, which are a polarizer, compensator and
analyzer. Ellipsometry instruments that are currently used can be classified into two
major categories: Instruments that use rotating optical elements [43–45] and instruments
that use a photoelastic modulator [46–48]. The advantages and disadvantages associated
with the various principles determine the field of application of the instrument.
Altogether, ellipsometry is an attractive measurement method. Nevertheless, it reveals
some disadvantages that might become major drawbacks. The one inherent disadvantage
of ellipsometry is the indirect nature of the measurement process. Specifically, data anal-
ysis is complicated, due to the need of optical models. This requires as much information
as possible about the investigated samples and extensive material databases. Another
disadvantage of this method is a low spatial resolution, caused by the usually small spot
diameters used. Moreover ellipsometers are restricted to smooth sample surfaces. If the
surface roughness exceeds around 30% of a measuring wavelength, errors increase signifi-
cantly [36]. On a final note, characterization of samples with small absorption coefficients
is difficult to analyze.

Spectral Reflectometry/Spectrophotometry

Reflectometry based techniques are widely used in semiconductor industry for monitoring
film thickness and lithographic line widths [49]. It is a non-destructive, optical metrology
method like ellipsometry, but does not measure polarization changes of light. It rather
detects relative intensities of reflected light from a sample. The spectral behavior of
the reflection coefficients is determined by the interference, occuring in between the two
boundaries of the thin film. The measured intensity at the detector can be described
according to the discussion from Ch. 2.2.
Most reflectometry techniques are used in the configuration of light coming in perpendic-
ular to the sample because in this special case, the geometrical path length is equal to the
film thickness. The phase difference φ1−φ2 takes the potential phase change by reflection
on the border of an interface into account. The reflected light can be measured with a
set up as shown in figure 2.6 [50]. The broadband light of a halogen lamp is guided to
the sample by optical fibers. The reflected light is also collected through fibers and than
send to a spectrometer for analysis.
The intensities are measured as a function of wavelength and are fitted by the use of
models. The most common practical use of reflectometry is the thickness estimation
of known materials. The smallest thickness, that can be measured with reflectometry is
determined by the smallest wavelength used. The upper border is limited by the resolution
of the spectrometer. No special preparations of the samples is necessary. They only need
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Figure 2.6: Schematic reflectometry configuration for thickness estimation of, with met-
als coated, glass substrates [50]. LQ - light source, D - detector, LL 1 to 13
- optical fiber, Fs - fiber switch

to be transparent in the investigated spectral region.
Reflectometry can be used as in-situ metrology for metal-organic vapor phase epitaxy
(MOVPE) [51]. This is possible because the reflectance changes its appearance during
the film deposition.
Spectrophotometry sets itself apart from reflectometry by being able to perform transmis-
sion measurements in addition to the detected reflection. By measuring both, transmission
and reflection, the quality of the calculated values improves considerably [52]. This is espe-
cially noticeable in the imaginary component of the refractive index. However, the higher
measuring accuracy is paid with longer measuring times, since both measurements can
not be made simultaneously. These techniques are commonly used in biochemical applica-
tions, such as the determination of acid dissociation constants in chemical solutions [53].
Spectrophotemetry is, however, well convenient for analyzing thin-film properties, specif-
ically when examining materials that exhibit absorptive behavior [54, 55]. Often, these
techniques are used in a two-beam configuration to compensate for drifts in the light
source [56,57].

Interferometry

Interferometry is a technique that determines the difference in propagation time of optical
signals. Thereby, the inherent periodicity of the electromagnetic wave is used for the
measurement. Due to the high frequencies of the electromagnetic fields, however, these
are not directly accessible to measurements with standard photodetectors. In order to
determine the phase of an optical signal, the wave train exiting from the same light source
is divided in the interferometer and then superimposed again (see Fig. 2.7). Insofar as the
superposition is coherent, interference is caused as described in Ch. 2.1. The associated
intensity modulation depends on the propagation time difference or on the optical path
difference that prevails in the interferometer between the sample and reference waves.
A sample in one interferometer arm alters the optical path difference, depending on its
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thickness or length and refractive index, and thus allows characterization of materials.

Figure 2.7: Low-coherent interferometer in a Mach-Zehnder configuration, operating in
time domain mode to characterize an optical fiber under test [58]

While classical interferometry uses monochromatic light sources to measure displace-
ment [59, 60], vibration [61, 62] or surface roughness [63, 64], low-coherent interferometry
utilizes broad band light sources. With the use of broadband light sources, the interfer-
ogram receives a low-frequency modulation or, in other words, an envelope (Fig. 3.2),
caused by the now much shorter coherence lengths. A detailed discussion on the origin
of interference signals with low-coherent light sources is given in Ch. 3.2.1. Low-coherent
interferometers are operated in two main modes: time-domain mode and spectral domain
mode. Interferometers that work in time domain mode (Fig. 2.7) are built with one
interferometer arm fixed and the other movable. In this method, the reference arm is
moved continuously and the intensity signal is recorded with photodiodes, in dependence
of time [65]. The disadvantages of this method are the time-consuming measurements and
the limitations caused by the insufficient accuracy of the translation stages available. As
a result, this method is neither suitable for detecting very small dispersions, as it is the
case with thin films, nor can it be used as process-accompanying measurement technology.
Interferometers operating in spectral domain mode have fixed interferometer arms and
the detection of interference signals is done by spectrometers. This allows to analyze the
unrestricted spectral range of broad band light sources. A sample to be examined, in the
interferometer, causes a modulation of the interference signal, that can be analyzed by
means of a Fast Fourier Transformation (FFT). Therefore, this method enables fast data
acquisition and analysis.
Low-coherence interferometry nowadays, has found a widespread use in many applica-
tions. It is used to measure several quantities such as temperature [66], pressure [67] or
refractive indices and thickness of transparent plates [68]. It is further used to charac-
terize optical fibers and wave guides [69–71] or the determination of internal structure of
a broad range of materials. Low-coherence interferometry also has a great importance
in medical imaging. There, it was first used to measure the axial eye length [72] and
has evolved to one of the major imaging technologies in medicine called optical coher-
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ence tomography (OCT) [73]. While the development of low-coherence interferometric
methods has advanced far ahead in many areas of technology and research, the branch
of thin-film characterization reveals room for development upwards. As mentioned in
the introduction, this field is comparatively unexplored, and only recently research has
been intensified in this area. Currently there are some approaches that allow the char-
acterization of thin films. However, all these technologies offer disadvantages, such as
narrowly-limited wavelength ranges or the need of mechanical scanning. The most re-
cent technologies are capable to perform thin-film characterization of single layers with
a thickness resolution on the nanometer scale [17]. These kind of technologies are based
on OCT. The electromagnetic wave in the sample arm is back reflected from the internal
structures of the layer system and induce a relative time delay between reference and
sample wave, that is determined by the thickness of the layers. The periodicity of the
spectral modulation is inversely related to the echo time delays caused by reflections from
different layer interfaces [74]. The interference signal (Fig. 2.8(a)) of these technologies
is Fourier transformed and then yields an axial scan measurement of the magnitude and
echo delay of the in the layer system back reflected light (Fig. 2.8(b)).

Figure 2.8: (a) Interference signal measured, (b) Fourier transformed data [75]

This type of signal analysis provides scan free, fast measurements, but has the big disad-
vantage that layer thicknesses smaller than 0.5 µm can not be examined. This technique’s
limit is caused due to very small peak distances (α) of the corresponding echoes, which
can not be separated anymore if the layer thickness falls below 0.5 µm. This is a signifi-
cant problem, since current thin-film applications, such as electronic devices [76], thin-film
solar cells [77,78] or optoelectronics [79] require layer thicknesses, that fall well below this
limit.



3 Development of the
Dispersion-Controlled Low-Coherent
Interferometer

The scientific objective of this part of the thesis is the development and verification of a
novel interferometric technology for the characterization of thin films. For this purpose,
the requirements of process-accompanying measurement techniques are first outlined and,
based on those, the desired performance features are implemented. Ch. 3.2 introduces
and discusses the measurement principle as well as data analysis of Dispersion-Controlled
Low-Coherent Interferometry. The experimental implementation will be discussed in the
following chapter, including the physical prerequisites met by the individual components.

3.1 Requirements for Process-Accompanying Measuring
Techniques

In thin-film characterization, spectral ellipsometry and spectroscopic reflectometry are
predominantly encountered and are able to provide extensive characterization of single
films or layer systems. However, the emerging issues, such as the complex material models
for the calculation and the limitations of measurable layer thicknesses, are significant
disadvantages. Currently, state-of-the-art interferometric methods are particularly well
established for the characterization of thin films.
The technology presented in this work takes up on the latest state of technology and
enables the characterization of thin films below the current layer-thickness limits. The
dispersion-controlled interferometric approach for thin-film characterization utilizes an el-
ement with known dispersion in the interferometer’s sample arm and delivers a controlled
phase variation in relation to the wavelength. This phase variation is dependent on the
thickness of the material and its wavelength-dependent refractive index. Furthermore, the
phase variation is characterized by a stationary point, the so called equalization wave-
length. Changes in the thickness of the material under test will shift the equalization
wavelength and transform its interference pattern.
This new concept of the so called dispersion-controlled low-coherent interferometer (DCLCI)
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therefore extends the scope of interferometers further into thin-film characterization. The
advantage over the conventionally used methods, reflectometry and ellipsometry, is that
data acquisition and analysis is much faster, while signal processing is greatly simplified
at the same time. This modified interferometer offers a higher layer thickness resolution
than reflectometric measurements at a faster measuring speed. Compared to ellipsomet-
ric methods, it sets itself apart by lower sample requirements, shorter measurement times
and better sensitivity for little-absorbing materials. The scan-free approach makes the
presented technology fast and provides high stability because no moving parts are needed.
This makes DCLCI attractive for industrial applications.
Modern industrial demands on process monitoring techniques are large measurement
ranges, fine resolution in both thicknesses as well as lateral dimension, resistance against
environmental disturbances and especially fast data acquisition. According to these pro-
posed requirements, the performance targets where DCLCI is advantageousness over con-
ventional thin-film characterization techniques can be stated as listed in the table below.

performance feature Reflectometry Ellipsometry DCLCI
thickness accuracy - + 0
aquisition speed 0 - +

computational effort 0 - +
analysis times 0 - +

lateral resolution - - +
stability 0 - +

sample requirements 0 - +
sensitivity to - 0 +

extinction coefficient

Table 3.1: A qualitative comparison of different performance characteristics between the
two conventional thin-film metrology systems, reflectometry and ellipsometry
and DCLCI. The notation is as follow: ’0’ is state-of-the-art technologies, ’-’
is disadvantaged system and ’+’ exceeds state-of-the-art.
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3.2 Measuring Principle

3.2.1 Signal Formation

In its essential characteristics, the set up corresponds to a Mach-Zehnder interferometer
core (schematically shown in Fig. 3.1). It differs from other configurations, such as
the Michelson interferometer, since separation (at BS1) and recombination (at BS2) of
the beam takes place at different locations. A detailed discussion on the choice of this
interferometer core will be given in the conception of the system (Ch. 3.3.1).

Figure 3.1: Schematic experimental setup with LS - broad band light source, BS1 and
BS2 - beam splitter, M1 and M2 - mirror, SMP - sample (thin film), DE -
dispersive element and Spec - spectrometer

The signal detected at the spectrometer can be attributed to two main effects. On the
one hand, the measurement signal certainly arises as a result of the superimposed partial
waves in the interferometer. The second effect results from the interactions within the
layer system and and the dispersive element. These effects include the novelty of the
present technology.
In the following, the emergence of interference signals shall only be discussed analytically,
by representing the scalar electric field E(t) and its complex amplitude A(t):

E(t) = A(t) exp(−2πiν0t) (3.1)

Here, ν0 represents the center frequency of the power spectral density (PSD) of the signal
E(t). According to discussion in chapter 2.1 the intensity of the signal is defined as the
statistical mean at time t0 (Equ. 2.18):
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I(t0) = 〈E(t0)E?(t0)〉 (3.2)

If the intensities of the light are independent of time, the electric fields are stationary
and thus the statistical mean is identical to the time average. This condition is met
for almost all detectors, since integration times are usually high compared to optical
frequencies. In the interferometer, the electric fields of the sample and reference arms are
correlated with each other, as already briefly discussed. At the interferometer output, the
spectrometer measures the resulting intensity Im or correlation function dependent on the
path differences, or more precisely in dependence of τ (time delay between superimposed
waves).

Im(τ) = 〈|E1(t) + E2(t+ τ)|2〉

= I1(t) + I2(t) + 2Re {〈E1(t)E?
2(t+ τ)〉}

(3.3)

By the use of the complex correlation function Γ (Chapter 2.1, Equ. 2.20), the measured
intensity is given by:

Im(τ) = I1 + I2 + 2 |Γ(τ)| cos(α + 2πν0τ) (3.4)

The latter term in the equation above is the real component of the correlation function of
τ . The value α in the argument denotes a constant delay and originates in the complex
valued amplitude A(t). The last term in equation 3.4 determines the frequency of the
carrier signal, which is modulated by the envelope (see Fig. 3.2).
In order to establish a direct relation to the layer thickness estimation, the time delay τ
in equation 3.4 is replaced by the optical path difference and thus links the properties of
the sample with the interference signal measured.

Im(z) = I1 + I2 + 2
√
I1I2γr(z − z0) (3.5)

In order to make the interferometric measurement sensitive to thin films, an additional
material of known dispersion characteristics is introduced into one beam path. This opti-
cal element modifies the intensity of the signal and thus provide additional informational
content.
The spectral interference pattern in a slightly unbalanced and dispersion-free interferom-
eter is made of fringes whose intensity is modified with wavelength (Fig. 3.3 a).
The appearance of the interference pattern depends on the refractive index n (which is
that of air in a dispersion-free interferometer, nair = 1) and the differences in arm length
(here denoted with δ):
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Figure 3.2: In black, the resulting interference intensity due to partially coherent waves
that are correlated. The correlation is shown in dependence of the path dif-
ference z0±z between the interferometer arms. The colored graphs illustrate
the different frequency components of the measured light.

I(λ) = I0 (1 + cosφ) (3.6)

The fringe’s periodicity is thereby slowly varying, according to the local phase:

φ(λ) = 2πδ
λ
nair(λ) (3.7)

The fringe periodicity shown in Fig. 3.3 a is nearly constant throughout the complete
spectral bandwidth. The periodicity can be calculated by the local phase’s derivative with
respect to wavelength:

Λ(λ) = 2π
∂φ/∂λ

= −λ2

δnair(λ) (3.8)

whereby the refractive index here and in the following discussions is always referred to the
group refractive index. If a dispersive element (DE) is introduced into the interferometer,
this causes a change in the local phase φ, which depends on the refractive index nDE and
thickness LDE of the material. The new local phase phase modifies the interferogram, as
shown in Fig. 3.3 b, and now needs to be extended to include the dispersive element’s
properties:

φ(λ) = 2π (nDE(λ)− nair(λ)LDE − δnair(λ)
λ

(3.9)
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Figure 3.3: Influence of a dispersive element on an interference signal. (a) Signal of
a dispersion-free interferometer (b) modulated inteference signal, due to a
dispersive element and the stationary phase point.

The spectrum shown in Fig. 3.3 b very distinctly depicts the impact on the local phase.
The dispersive element causes a variation of the periodicity, which initially increases with
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rising wavelength. At about 0.7 µm, the trend reverses and reduces the local phase again.
In a dispersion-containing interferometer, the local phase is described by the following
equation:

Λ(λ) = −λ2

LDE {nDE(λ)− nair(λ)} − δnair(λ) (3.10)

The stationary point at which the periodicity reverses is generally referred to as the
equalization wavelength λeq. The local phase reaches its minimum at this characteristic
point (Fig. 3.3 b) and thus the local fringes periodicity tends to infinity. This means
that the measurement achieves its best sensitivity at the equalization wavelength λeq. It
is precisely this fact, that forms the basis of the proposed interferometer and makes it
possible to characterize thin films very precise.
The influence of the thickness LDE and refractive index nDE of the dispersive element
on an interferogram can be seen in Fig. 3.4. The more dispersion is introduced into the
interferometer, that is to say, the larger the index of refraction and/or the thickness, the
narrower the fringes will be. This fact justifies the upper limit of usable dispersion, as
shown in Fig. 3.4 c, where the fringes are so tightly packed, that they become difficult
to distinguish. With thin films, this limit is never reached, due to their extremely small
geometries and the therefore connected small dispersions. In fact, the dispersion caused by
one single thin film is so small that the equalization wavelength is barely visible. Therefore,
the additional dispersive element must be introduced to deliver a basic dispersion in
the interferometer. The information about the thin film is obtained from the change in
spectral position and amplitude of the equalization wavelength compared to that of the
dispersive element, after introducing the thin film.
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Figure 3.4: Influence of the dispersive element’s refractive index nDE and thickness LDE

onto the density of fringes, whereby refractive index nDE1 < nDE2 and
LDE1 < LDE2 (a) Signal for LDE1 and nDE1 (b) Signal for LDE2 and nDE1
(c) Signal for LDE2 and nDE2.
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3.2.2 Signal Processing

Analogous to the various different interferometric techniques, signal processing offers a
wide range of methods to achieve the desired information. Which signal processing is used
is determined by the properties of the samples to be measured, the actual interferometric
method and the available computing power. The degree of novelty of the dispersion-
controlled low-coherent interferometry calls for new evaluation techniques and algorithms.
The signal processing will be explained on the basis of the mechanisms, contributing to
the measured signal, discussed in the previous chapter for signal formation. An algorithm
for the evaluation of data obtained by DCLCI must be able to accurately determine the
equalization wavelength and to calculate the resulting transmission through the layer
system.
From the discussions in the previous chapter, it is known that the equalization wavelength
λeq can be found at the stationary point of the local phase, that is, in the area of the
interferogram where the oscillations are farthest apart. Computationally, this idea is
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Figure 3.5: A with DCLCI measured interference signal (blue) with: horizontal line -
intensity mean, crosses - points above and below mean, green - calculated
area for fit, cyan circles - down sampled data grid; red line - estimated
position of the equalization wavelength used as an initial guess for the fit.
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implemented by determining the intensity mean of the interferogram and determining
each of the closest measuring points above and below this mean (Fig. 3.5). By calcu-
lating the distances between adjacent points, the realm of the phase minimum can be
restricted, by selecting the one with the maximum distance. The exact position of the
equalization wavelength λeq is determined by means of a curve fit. For this purpose the
area calculated is down sampled, before fitting, in order to maintain fast data analysis.
In order to calculate the layer thickness from the data, it also requires the calculation of
the transmission inside the layer system, which is done by the so called transfer-matrix
method. The basic idea is to determine the propagation in each layer (Fig. 3.6) and
represent the entire layer system by one system matrix. Depending on convention, fields
are transformed from the front medium through every layer, to the rear medium or vice
versa. The following discussion will treat the phenomena starting at the front (in Fig.
3.6 from left to right). It does not matter from which side to start, but it is important to
stick to one direction, since matrix multiplication is not commutative. Furthermore, as
a simplification, only the case of normal incidence (angle= 90◦) is regarded. This is the
special case where p-and-s-polarized light are the same.

Figure 3.6: Scheme of the transfer-matrix method to calculate transmittance through a
layer system.

The calculations of this method assume two propagating waves in each layer, where one
wave travels in the positive direction (denoted with a plus sign) of x and the second in
negative x-direction (denoted with a minus sign). Incoming Ei and out coming Eo wave
can be described in terms of:

Ei = Ae−ikx +Be+ikx, Eo = Ce−ikx +De+ikx (3.11)
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This theories’s foundation, according to Maxwell’s equations, are boundary conditions for
the electric fields at interfaces between different materials. This fundamental condition
states that the tangential component of the field strength must be continues at an interface
between two media:

Ei(L) = E0(x) and
dEi(x)
dx

= dEo(x)
dx

∣∣∣∣∣
x

(3.12)

Substituting equation 3.11 to the boundary conditions and rewriting the set of equations
in matrix form yields a matrix for each boundary j:

 e−ikx e+ikx

−ike−ikx +ike+ikx


︸ ︷︷ ︸

Mi

 A

B

 =
 e−ikx e+ikx

−ike−ikx +ike+ikx


︸ ︷︷ ︸

Mo

 C

D

 (3.13)

Those are the matrices before (Mi) and after (Mo) every interface. The final transfer
matrix for the system in Figure 3.6 accrues from the matrix multiplication of each single
layer matrices:

MT = M−1
0i M0oM

−1
0o M1i....M

−1
(j−1)oMji (3.14)

From the final transfer matrix, which contains the complex Fresnel coefficients, spectral
transmission through the sample is calculated. An important step for the quality of results
is the previously discussed (Ch. 2.2) treatment of the substrate as an incoherent layer.
This is necessary to remove additional, disturbing interference from calculated data. If this
were not considered, that would significantly impair the fit algorithm. A novel approach
to treat this phenomenon is the net-radiation method [80]. This technique removes the
coherence of any layer partly or completely by averaging only a few calculations with
equidistant phase values. This has the advantage that results are more accurate and
at the same time require less computational effort, than conventionally used methods,
that average a large collection of sine waves with random phase to remove disturbing
interferences.
The electric field, calculated by the transfer-matrix method, yields the resulting wave
in the sample arm. Together with the estimated equalization wavelength, the measured
interferogram can be reconstructed on the basis of the theory described in the previous
chapter. The calculated data thereby accrues from a curve fit, that utilizes the before
calculated quantities. The plot in Fig. 3.7 shows a measured signal and the by this
algorithm reconstructed interference signal. For this illustration, a measurement with less
interference contrast and number of oscillation was used than in Fig. 3.5, to show that
the algorithm works stably even with non-optimal datasets and gives good results.
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Figure 3.7: An exemplary measurement and evaluation of the interference signal. Blue
shows the measured data and red the fit, resulting from the algorithm.
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3.3 Construction of the Dispersion-Controlled
Low-Coherent Interferomer

3.3.1 Interferometer Core

The main advantages of DCLCI arise from the choice of interferometer core. The Mach-
Zehnder configuration, as shown in Figure. 3.1, is distinguished by dividing and recom-
bining the light at different locations and thus enables the examination of the sample in
transmission. Precisely this fact lends DCLCI its high stability, fast data acquisition,
simplified data analysis and flexibility as well.
The simplified data analysis in DCLCI can be explained clearly by comparing the signal
analysis with methods that measure in reflection. Therefore, imagine a Michelson inter-
ferometer (Fig. 3.8a) is utilized to monitor the deposition of a thin film in an ongoing
production. In this interferometer configuration, the reflected waves from each of the
sample’s material boundaries (Fig. 3.8b) lead to additional modulations of the signal.
To illustrate this effect, Fig. 3.8c depicts the from the sample reflected signal. It shows
the resulting reflections of film and substrate backside, as well as the superposition of
both, which would be measured. The emerging signal modulations would complicate the
determination of the equalization wavelength, so that an evaluation requires much more
computational effort. From a physical point of view these phenomena emerge likewise
for transmission as well. However, practically they show a minimal influence on a trans-
mission measurement signals, which might be due to the higher absolute intensity values
compared to reflected signals.
Another aspect in which DCLCI is more advantageous than metrology measuring in re-
flection is its apathy against environmental disturbances.
Measuring the transmitted signal and, therefore, the associated higher intensity, ulti-
mately affects the acquisition speed of the whole metrology system since this enables a
shorter integration time at the detector. Another advantage is an improved sensitivity to
the imaginary component of the complex refractive index, compared to ellipsometry and
especially reflectometry.
Furthermore, the Mach-Zehnder configuration is distinguished by its relatively large and
freely accessible working space and flexibility. These characteristics make this kind of
interferometer core very easy to integrate into already existing production lines and thus
makes it attractive for industrial purposes.
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Figure 3.8: (a) Scheme of an interferometer in Michelson configuration. (b) Reflections
inside the sample. (c) Spectra for each reflection (black, red) and the su-
perimposed signal (blue), that shows the modulation.
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3.3.2 Lightsource

The performance of the overall system significantly depends on the characteristics of the
light source used. Beside the power output, provided by the light source, its coherence
properties and spectral range are of crucial importance. The targeted technology places
high demands on film-thickness resolution. From the discussion before, it can be con-
cluded that light sources with low temporal coherence offer the required spatial resolution
when used in an interferometer. For this reason lasers and laser diodes are removed
as possible light sources due to their high temporal coherence properties, because they
do not suit the requirements. On the contrary, light emitting diodes (LEDs) offer ex-
tremely short coherence lengths, but too low luminance, to use them in low-coherent
interferometry. Super-luminescent diodes (SLDs) offer high optical output power, spa-
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Figure 3.9: Output spectrum of a laser driven plasma light source

tial coherence and a similar spectrum to that of LEDs, which is why they are often used
in low-coherent interferometry. However, these technologies do not suite the requirements
of the dispersion-controlled approach either due to their narrow bandwidths. SLDs are
capable of emitting bandwidths of a few tens of nanometers. In general, the dispersion-
controlled interferometer needs a spectral bandwidth as wide as possible, in order to get
wide spectral interference phenomena. For this purpose, multiple lamp systems, such
as tungsten/halogen, xenon-arc or deuterium light sources can be utilized to cover the
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spectral range needed. However, that would be costly and optically inefficient. The op-
timal light source for dispersion-controlled low-coherent interferometry is a laser driven
plasma light source. These kinds of light sources produce spectral output of extremely
high brightness over a wide spectral range and are therefore ideal. A measured spectrum
of the light source used can be seen in Fig. 3.9.
The outstanding properties of this radiation are generated by a laser, which is focused into
a tiny xenon filled quartz bulb (Fig. 3.10). In this way a plasma is produced. By focusing
the laser radiation to a very small focus, the resulting plasma is of correspondingly small
size of only 100 microns. By bundling the high laser powers into a very small area,
high plasma temperatures are achieved, that are three times greater than conventional
heated filament light sources. This leads to the super bright and wide spectra. Due to
the electrodeless design of the laser driven light source, a ten times higher life time than
conventional light sources is achieved and in contrast to other sources the output does
not decline constantly.

Figure 3.10: Illustration of the principle function of laser driven plasma light sourcs.
Laser radiation of high intensity and extremely small beam diameter is
focused into a xenon filled bulb. The resulting plasma is characterized by
plasma temperatures that lend these light sources their excellent spectral
propeties.
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3.3.3 Detectors

Diffraction Grating Spectrometer

The investigations on the thickness resolution of the system were carried out with a com-
mercially available diffraction grating spectrometer. These devices exploit the wavelength-
dependent diffraction on one or several diffraction gratings and thus enable a spectral
analysis of the interference patterns. The incident light passes through an entrance slit
which is placed in the focus of a collimating mirror (see Fig. 3.11). After collimating the
incoming light, that mirror directs it onto a dispersive element.

Figure 3.11: Principle of a diffraction grating spectrometer in the so called Czerny-
Turner configuration to separate polychromatic light into its wavelength
components

After the light experienced the wavelength-dependent deflection, at the grating, it is
focused again with a second mirror and finally reaches the detector. The employed spec-
trometer features a spatially resolved detector that enables simultaneous measurements
of a range of spectral components. This makes the acquisition fast.
Most spectrometers feature a variable slit width. For the highest possible spectral reso-
lution, this should be as narrow as the f-number of the spectrometer will allow. However,
this leads to a reduced transmission and thus can amplify noise and reduce the measuring
speed. The spectrometer used also provides a fiber input. Single mode fibers allow the
highest performance, but also have the disadvantage that they collect much less light com-
pared to multi-mode fibers. This requires longer detector integration times. Alongside
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entrance slit, the diffraction grating strongly affects the spectral resolution. The diffrac-
tion angle α for a particular order of diffraction m can be described by the following
equation:

α(λ) = arcsin
(
m · λ
d

)
(3.15)

d is the grating spacing. As the grating constant increases, the spectral resolution increases
as well. Furthermore, the number of grooves N is crucial for the resolution of the system.

λ

∆λ = m ·N (3.16)

Based on the requirements for resolution and acquisition speed, the spectrometer was
constructed with the properties listed in the Table 3.2 below.

spectrometer feature value
spectral range 200 nm to 850 nm

slit size 10 µm
grating 300 lines per mm

resulting resolution 1.4 nm

Table 3.2: The table lists the spectrometer’s properties, selected based on the require-
ments on resolution and acquisition speed.

Imaging Spectrometer

In order to meet the requirements of acquisition speed and lateral-resolved measurements,
it is necessary to utilize imaging spectrometers. This special type of spectrometer not
only measures spectral content, but is also capable in detecting spatial information as
well. One way to collect spatial information is to put a rotatable mirror in front of a non-
imaging spectrometer, that scans the region of interest (Whiskbroom method). However,
this method is not very suitable for process-accompanying measurement technology, since
scanning is time consuming and also a source of instability. The more suitable variant for
fast measurements is the so called Pushbroom method.
In this technique, a two-dimensional detector array is used and a spatial line in the field
of view is imaged onto the entrance slit of the spectrometer. The by this measured data
(Fig. 3.12) contains spectral information on the y axis, spatial information on the x-axis
and intensity in the z-axis. This enables measurements of a large number of spectra
over a spatial extent of the sample within a single acquisition and therefore makes data
collection fast. Figure 3.13 illustrates the principle of imaging spectroscopy. Apart from
entrance optics and two-dimensional detectors, however, imaging spectrometers do not
differ in their basic function from conventional, non-imaging systems. A key component
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Figure 3.12: Visualization of the data gathered by an imaging spectrometer. The in-
terference signals are plotted over the thickness change with respect to
a fixed value (blue). Therefore, the layer-thickness changes were deliber-
ately chosen to be exaggeratingly large in order to illustrate the measuring
principle.

of imaging spectrometers are the entrance optics. They determine the magnification onto
the sensor and ultimately the spatial resolution.
The imaging optics were selected by the given geometrical conditions of the interferometer
and dimensioned on the basis of the Gaussian imaging equation.

1
a′
− 1
a

= 1
f ′

= − 1
f

(3.17)

The sample to be examined is located at a distance a from the imaging optics. Anal-
ogously, a′ is the image-side distance, which in this case corresponds to the distance to
the slit (Fig. 3.14). The focusing optics were adjusted so that both distances a and a′
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Figure 3.13: Schematic principle of the Czerny-Turner based imaging spectrometer

are twice the focal length of the objective (LE). According to Eq. 3.18, which describes
the magnification, this configuration provides scale-preserving imaging. As a result, the
sample is imaged one to one onto the sensor.

β = −y
′

y
= a′

a
(3.18)

The spatial resolution, that is to say the number of pixels on the sample, results initially
from the number of detector pixels of the spatial axis. If the spatial transfer function of
the instrument however, is wider, it maps one pixel to several pixels which is how the
effective resolution might be lower. Determining the spatial resolution theoretically is
therefore not as precise as using an empirical calibration.
For this purpose, spatial calibration targets of a defined scale are imaged onto the spec-
trometer and the spatial resolution of the spectrometer is determined. The spatial res-
olution is also determined by the pixel size itself. These parameters not only determine
the spatial resolution, they also determine the possible spectral bandwidth that can be
observed.
The image acquisition speed is merely limited by the camera’s read out speed. This in turn
depends on the pixel count and integration time used in a measurement. Commercially
available camera systems these days provide sufficient high frame rates and therefore
enable continuous operation for in-line monitoring of ongoing production lines. Of course,
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Figure 3.14: Experimental setup, showing the configuration of the entrance optices with
LS - laser driven light source, BS1 and BS2 - beam splitter, M1 and M2
- mirror, SMP - sample (thin film), DE - dispersive element, ImSpec -
imaging spectrometer, SLT - entrance slit, LE - entrance optics

the type of sensor itself also plays a central role in the system. It is, so to speak, the
interface between optics and electronic signal processing and thus significantly influences
the results. For the imaging spectrometer in the present work, a CMOS-sensor based
camera was used. The choice on this specific camera was made due to its ability to achieve
high frame rates of 90 Hz with a high resolution of 2048 by 2048 pixels. Furthermore,
this camera features a higher sensitivity in the infrared spectral region compared to other
commercially available camera sensors.
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3.3.4 System Configuration

In the preceding sections, the individual components of the interferometer were discussed
separately. Within a system, these must be designed so that their properties are coor-
dinated. The configuration shown in Fig. 3.15 and 3.16 represents such a consistent
system.

Figure 3.15: Photograph of the dispersion-controlled low-coherent interferometer for
thin-film characterization, the red lines illustrate the lights path within the
experimental setup. BS1/2 - Beam splitter, MS - mirrors of sample arm,
MR - mirrors of reference arm, TST - translation stage, SMP - samples
mounted on a translation stage, DE - dispersive element

Compared to a classical Mach-Zehnder configuration, the setup utilizes further geometrical
deviations in both interferometer arms. This is done, in order to make the reference
arm movable. The attachment of mirrors MR1 and MR2 onto a translation stage was
implemented, as shown in Fig. 3.15 and thus creates the need for further redirection of
the beam by mirror MR3. As a consequence, the sample arm has to be realized in an
analogues manner to balance the interferometer.
At the interferometer exit, the imaging spectrometer is situated. This was built on the
basis of a Czerny-Turner configuration.
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Figure 3.16: The photo shows the enclosed imaging spectrometer. The beam path and
wavelength dependant deflection is indicated. SL - entrence slit, DG -
diffraction grating, M - mirror, C - camera



4 Results Obtained by
Dispersion-Controlled Low-Coherent
Interferometry

This chapter presents the layer thickness measurements of thin ITO films with DCLCI.
The results are discussed and compared with the conventionally used thin-film character-
ization methods ellipsometry and reflectometry. Furthermore, the capability of DCLCI
to perform spatially resolved measurements is presented and discussed.

4.1 Thickness Measurements of Thin Films
In order to evaluate the measuring system regarding thickness estimation, a two-layer
system was examined, consisting of a float glass substrate on which an indium-tin-oxide
(ITO) coating is applied. The measurements presented in this chapter utilize a diffraction
grating spectrometer, with the specifications described before (Table 3.2), as detector.
The layer thickness of the glass substrates is 1.1 mm within the production tolerances (±
0.03 mm) specified by the manufacturer. The ITO thin film has a layer thicknesses of 180
nm.
For the thin-film thickness measurements in these investigations, an uncoated glass sub-
strate was inserted in the reference arm. In this way, it is possible to compensate for
the dispersion, caused by the glass substrate of the sample to be examined. This ensures
that the optical path differences only depends on the ITO layers and therefore enable a
direct measurement of a deposited film. In a typical measurement, the translation stage
is moved until the equalization wavelength has shifted in the visible wavelength range.
Fig. 4.1 shows the recorded spectrum, caused by the ITO layer. The spectrum of a
bare substrate is depicted in blue. The layer system of float glass and ITO coating is
shown in red. The algorithm, described in Ch. 3.2.2, determined the equalization wave-
length, caused by the substrate, to be 702 nm. The complete layer system results in a
equalization wavelength of 640 nm. These results initially seem to contradict the theory
described before (Ch. 3.2.1). The layer system increases the OPD in the sample arm
of the interferometer and should therefore shift the equalization wavelength into a range
of the spectrum with longer wavelengths. Nevertheless, an exactly opposite behavior is
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evident in the measured data. Furthermore, the measurements show an exceptional large
shift of the equalization wavelength. As previously discussed, the changes in position of
the equalization wavelength are rather marginal, due to the very small dispersions by
thin films and thus barely visible. The detectable changes should mainly occur in the
amplitude of the equalization wavelength.
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Figure 4.1: blue: bare substrate (1.1 mm), red: substrate+180 nm ITO

In order to probe the causes of the discrepancies occurring between theory and practice,
simulations of the behavior from substrate and layer system were performed. The sim-
ulations can be seen in Fig. 4.2 and provide information about the cause that leads to
errors in the measurements. The simulation shows the equalization wavelength caused
by the pure substrate in blue. The spectrum of the entire layer system is shown in red.
Within the calculated interferograms, the theory is correctly reproduced and shows a
barely noticeable change in the position of the equalization wavelength. The difference
in terms of amplitude, however, show clear differences there. The results from this sim-
ulation suggest that the measurement against a reference substrate, which is not exactly
the one to be coated, is not possible. The reason for this lies in the standard deviations
of the thicknesses of the glass substrates. According to the manufacturer, these vary by
up to ±0.03 mm. Therefore, further simulations were performed, where the ITO thick-
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ness was assumed to be constant and the thicknesses of the glass substrate was varied in
exactly this given range. These investigations provide evidence that a thickness change
of the glass substrates lead to the measured signals of Fig. 4.1. The shift of the equaliza-
tion wavelength measured in the signals could be reproduced by decreasing the substrate
thickness by 10 µm. The spectrum with reduced substrate thickness can be seen in Fig.
4.2 in yellow.
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Figure 4.2: simulated interference signal, blue: bare substrate with d=1.1 mm, red: sub-
strate with d=1.1 mm+180nm ITO, yellow: 10µm thinner substrate +180
nm ITO

In order to carry out the thickness measurements nevertheless, the ITO coating was
removed from one half of the sample. The removal of the coating was performed by
means of a chemical etching process. By measuring on the coated and uncoated half
(see Fig. 4.3) of the investigated sample a measurement against a reference substrate is
enabled.
The with this produced measurement data is plotted in Fig. 4.4. The interference signals
now show no excessive shifts in equalization wavelength and hence do not contradict
the theory anymore. The particular equalization wavelengths are 649 nm for the bare
glass substrate and 650 nm for the layer system. The thickness of the ITO layer was
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Figure 4.3: Illustration of the investigated sample after half-sided removal of the coating.
During the etching process, a layer thickness or refractive index gradient has
resulted. This gradient is indicated by the red, dashed lines.

determined to be 78 nm and thus differs more than 100 nm from the specified layer
thickness. Comparative measurements, that will be discussed in the following section,
prove that the deposited layers are indeed in the range of the calculated thickness.
In a practical application, there will be no half-sided coatings on any substrate. Therefore,
in the practical realization, the measurement of the reference would have to take place
before the deposition. In a R2R production line, to take up this example again, the
interferometer core would simply have to be designed in such a way that the uncoated band
passes the reference arm. The presented measuring technique provides high flexibility, due
to its interferometer core and thus the integration would be easy to realize.
Generally, the algorithm works stable. Only in a few stray instances, spectra could not
be analyzed by the algorithm. Cases where the algorithm crashes occur, if the ampli-
tude of the equalization wavelength is very close to the calculated mean of the measured
interference intensity. Another problem arises if the equalization wavelength is in the
peripheral ranges of the spectrometer’s sensitivity. With such measured data, there are
not sufficient enough oscillations around the equalization wavelength that the algorithm
needs for the calculation. In addition, occurring noise in these peripheral areas of the
sensitivity of the spectrometer complicate the evaluation and lower the accuracy of the
system. Both emerging issues should be overcome in the future as the algorithm is de-
veloped further. The calculation times range about two milli seconds, depending on how
large the spectral resolution of the spectrometer is selected. Also, the analysis times can
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Figure 4.4: measured interference signal, blue: bare substrate with d=1.1 mm, red:
substrate with d=1.1 mm+180nm ITO

certainly be reduced by further programming effort. Nevertheless, data analysis is orders
of magnitude faster than compared to ellipsometry and reflectometry with the current
algorithm. The comparative data, which was recorded with an commercially available
ellipsometer, were evaluated by software supplied with this system. This software needed
a few minutes to evaluate the properties of the thin films and therefore performs much
worse than the algorithm developed. Further comparative measurements were performed
with spectrophotometry, which were evaluated by self-written algorithmics. With a du-
ration of one to two minutes, the evaluation is faster than that of ellipsometry, but still
very long compared to the data analysis of dispersion-controlled low-coherent interfer-
ometry. These big differences in analysis time are mainly due to the downsampling in
the developed algorithm, which keeps the computational effort much lower than in the fit
algorithms needed for ellipsometry, reflectometry and spectrophotometry.
Also within data acquisition, it could be shown that dispersion-controlled low-coherent
interferometry performs much faster than ellipsometry and spectrophotometry. The data
acquisition with DCLCI is only a few milli seconds, due to the little integration times en-
abled by the laser driven light source. The ellipsometric measurements made, required a
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generous minute, due to the rotating optical elements. Spectrophotometry is even slower,
since a simultaneous measurement of the entire spectral range is not possible. These mea-
surements took three minutes. Reflectometry is able to achieve similar measuring speeds
as dispersion-controlled low-coherent interferometry. However, reflectometric data was
not included, because the observed layer thicknesses are below the assuredly detectable
layer thicknesses of this method. Furthermore, ITO is an absorbing material, which re-
quires the measurement of the transmission. Otherwise, the absorption would not be
measured correctly.
The ITO-layer thickness is determined by ellipsometry to 199 nm with an RMS of 2.45,
which is rather big. Fig. 4.5 depicts the, by the commercial software, best fitted data and
the experimental spectra for a 180nm thick ITO layer.

Figure 4.5: Data measured by spectrophotometry with blue - reflected light, red - cal-
culated reflectance, purple - measured transmission and yellow - calculated
transmission

The curve fitting provides good agreement for the ellipsometric angle ∆ over the complete
spectral range. With Ψ, however, the software reveals strong problems to compute values
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that matches the experimental data. This is particularly noticeable in the part of the
spectrum towards longer wavelengths. The cause of these poor fit results is the complexity
of the fit models and algorithms that these methods entail. Since the layer thickness,
specified by the manufacturer, differs greatly from the actual one, the fit routine uses a
wrong start parameter from the beginning, which ultimately leads to the failure of the
analysis. Additionally, the deviations could arise due to the insufficient sensitivity of
ellipsometric measurements to the low absorption within the ITO. Other possible sources
of error might be due to the database, provided by the software. If this data bank is not
extensive enough, it may be that no suitable dispersion models or refractive-index data
can be provided, to calculate reasonable curve fits.
Spectrophotometry performs at least a little better than ellipsometry, but this is unfortu-
nately accompanied by even longer measurement times. The best fit for a 180 nm thick
ITO layer can be seen in Fig. 4.6.
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Figure 4.6: Data measured by spectrophotometry with blue - reflected light, red - cal-
culated reflectance, purple - measured transmission and yellow - calculated
transmission

Overall, the calculated values are in good agreement with the measured values over a wide
spectral range. Only at the periphery of the examined spectral area slight deviations are
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registered. With this method it was possible to determine the layer system with a root
mean square error of RMS=0.058. The layer thickness of the ITO film was determined
to be 170 nm. Even though the spectrophotometry seems to be closer to the thickness
specified by the manufacturer, the same problem arises as with ellipsometry. By using
the wrong layer thickness as start parameter, the fit algorithm converges to unreasonable
values and thus a wrong result is also apparent with this method.
The Comparative measurements by the conventional techniques, ellipsometry and spec-
trophotometry, have shown that layer thickness estimation without sufficient knowledge
about the sample is barely possible. Although ellipsometric methods generally have a
higher resolution than reflectometry measurements, it did worse in comparison. By means
of the integrated software and an insufficient database, no optimal result were achieved.
With an estimated film thickness of 78 nm and correspondingly small root mean square er-
rors of about 0.05 could be proved, that dispersion-controlled low-coherent interferometry
is advantageous in thickness resolution in comparison with conventionally used metrol-
ogy for the characterization of thin films. Furthermore, it was shown, that dispersion-
controlled low-coherent interferometry is capable to measure layer thicknesses, smaller
than the current detection limit (0.5 µm) of interferometric technologies for thin-film
characterization.
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4.2 Spatially Resolved Thickness Measurements
The measurements presented in this chapter utilize the imaging spectrometer described
in Chapter 3.3.3, in order to examine the present thin-film metrology with regard to its
suitability for spatially resolved measurements. Therefore, the chemically etched sample
has been investigated (Fig. 4.3), as the thickness gradient, created by the chemical edging
process, is ideally suited to characterize the spatial resolution of the system. For these
measurements, it was necessary to introduce additional dispersion into the interferometer
since the imaging spectrometer does not have such a large spectral range (approximately
160 nm) as the diffraction grating spectrometer. By introducing the additional disper-
sive elements, the density of interference fringes is significantly increased (according Fig.
3.4) and thus produces more oscillations in the narrower spectral range of the imaging
spectrometer. This increases the accuracy of data analysis, since the algorithm developed
requires the highest possible number of oscillations. The embedded translation stage, on
where the sample is mounted, enables the sampling of the thickness gradient, by measuring
at different x positions (Fig. 4.7).

Figure 4.7: The illustration depicts the measuring principle with the imaging spectrom-
eter. The measuring spot (red spot) is incrementally moved from start point,
over the thickness gradient to the endpoint. The four measurement points
indicated in the figure are shown in Figure 4.8 in terms of calculated thick-
ness.
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For each x position, the spectrometer measures a data cube in accordance to Figure 3.12.
Thereby, 2048 spectra are measured in each single integration time. The data analysis
procedure follows the exact same algorithm as described before. The analyzed data of the
spatially resolved measurements is shown in Figure 4.8.
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Figure 4.8: The plot shows the calculated ITO thicknesses versus the position on the
x axis. The different colors correspond to the four different x positions
measured. By duing so the thickness gradient can be dispaled over its entire
width. The dashed lines indicate upper and lower bound of the ITO thin
film.

The measurements depicted in Figure 4.8 clearly show the thickness gradient on the
edged sample. The ITO layer-thickness calculated from the measurements is 79 nm and
is thus in good agreement with those determined in Chapter 4.1. The width of the
thickness gradient was determined to be 2.1 mm. In the implemented configuration, the
interferometer allows a spatial resolution of 4.2 µm. The noise in the measured signals
does not arise as a specific feature of the developed measurement system. It results
from the, for ITO layers characteristic, surface roughness of approximately 10 to 20 nm.
Furthermore, data acquisition times are decreased significantly, due to the measurement
of 2048 spectra in one single integration time. Due to the narrower spectral range of the
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imaging spectrometer in combination with the high resolution of the camera sensor, the
layer thickness resolution is theoretically increased.
Unfortunately, the established procedures, used for the comparative measurements, did
not have the possibility to measure spatially resolved. However, in order to validate the
spatial resolved measurements, further metrological methods were consulted. In a first
comparative measurement, photos of the investigated sample were taken. Based on this
photo, the sample can be examined spatially through a cross section of the gradient.
Figure 4.9 shows the calculated profile cross section over the thickness gradient.
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Figure 4.9: The plot shows a cross section of the thickness gradient on the sample,
calculated from a photograph.

The thickness-gradient width of approximately 2 mm, determined by dispersion-controlled
low-coherent interferometry, is also observed by this comparative measurement. For any
statements about the thickness of the ITO layer, however, the accuracy of this method is
not sufficient enough.
A commercially available stylus profilometer was utilized to validate the, by dispersion-
controlled low-coherent interferometry, determined ITO layer thickness. According to
the manufacturer, this technology measures with an accuracy down to 20 nm. The re-
sults of the measurement are shown in Figure 4.10. The procedure provides proof of
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the correctness of the layer thickness estimation with dispersion-controlled low-coherent
interferometry. The thickness gradient is clearly visible and also shows a layer thickness
of just under 80 nm. The procedure may not be as accurate as dispersion-controlled
low-coherent interferometry, but it is very reliable and thus confirms the accuracy of the
measurements.
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Figure 4.10: The plot shows the thickness gradient, measured with a stylus based pro-
filometer. In accordance to the interferometric measurments the ITO thick-
ness ranges about 80 nm.



5 Conclusion and Future Prospects

A novel interferometric technique is introduced as an alternative to the conventionally used
thin-film metrology, ellipsometry and reflectometry. It could be shown that dispersion-
controlled low-coherent interferometry is advantageous over the established methods in
many respects. By enabling the characterization of film thicknesses below the current
limits of OCT-based metrology, it intensifies the application of interferometric systems
in thin-film analysis. The layer-thickness investigation on thin ITO films has shown
that the system’s resolution of a few nm is competitive to the current technology level.
In the investigations made, the interferometer performed even better than ellipsometry.
The greatest advantage of dispersion-controlled low-coherent interferometry is its high
measurement speed. This results from the rapid data acquisition of just a few milliseconds
due to the scan-free approach and an algorithm that enables rapid evaluation by reduced
computational effort. The use of an imaging spectrometer not only enables scan-free
measurements, but also spatially resolved data analysis. As a result, dispersion-controlled
low-coherent interferometry also enables the examination of thin films regarding their
conformity. Moreover, no mechanically moving parts are needed by the use of the imaging
spectrometer, which makes the hole system more stable.
The requirement analysis from chapter 3.1 can now be taken up again and quantified.

performance feature Reflectometry Ellipsometry DCLCI
thickness resolution few nm below 0.1 nm few nm

aquisition speed few ms ample minute few ms
computational effort high high low

analysis times few minutes few minutes few ms
lateral resolution no no 4 µm

Table 5.1: a qualitative comparison of different performance characteristics between the
two conventional thin-film metrology systems, reflectometry and ellipsome-
try and dispersion-controlled low-coherent interferometry (DCLCI). Whereby
zero denotes the benchmark of current state of the art technologies. The -
sign indicates a disadvantage in a specific performance target. The + symbol
indicates the performance target, where DCLCI exceeds the current state of
the art limits.

This novel interferometric technique is significant for academia since it can be studied and
used alongside the earlier types of interferometers. This new metrology provides academia
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with a tool for studying the deposition and characteristics of thin films and will therefore
be helpful in the development of films and deposition techniques. Dispersion-controlled
low-coherent interferometry has been published through the SPIE and will make this novel
technique accessible to anyone interested in the characterizing of thin films.
Due to its characteristic features, dispersion-controlled low-coherent interferometry also
has a significant importance for industrial applications. It can be easily integrated into
already existing production lines, it is insensitive to external disturbances and measures
accurately and fast.
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