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mWith increasing miniaturization and rising demands on the manufacturing 
accuracy of surface structures in the micro- and nanometer range, the re-
quirements for measurement technology to ensure manufacturing quality also 
increase. Various tactile and optical measurement techniques are available 
for this purpose. Since these differ in their transfer behavior, the systematic 
deviations occurring in height values measured on critical surface structures 
also distinguish.  To characterize and compare different sensors, comparative 
measurements and measurements on surface standards of known structures 
are usually performed.

In this work, several sensors are introduced and compared using a multisensor 
measuring system. In case of the investigated sensors, the focus is on optical 
sensors such as a coherence scanning interferometer and a scanning confocal 
microscope for full-field measurements as well as a self-assembled fiber-
coupled interferometric confocal distance sensor for point-wise pro� lometry. 
For reference, a tactile stylus instrument and an atomic force microscope are 
used. Comparative measurements are performed on several measurement 
objects with different surface structures.
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Abstract

With increasing miniaturization and rising demands on the manufacturing accuracy

of surface structures in the micro- and nanometer range, the requirements for measure-

ment technology to ensure manufacturing quality also increase. Various tactile and optical

measurement techniques are available for this purpose. Since these differ in their transfer

behavior, the systematic deviations occurring in height values measured on critical surface

structures also differ. The identification of such systematic measurement deviations re-

quires knowledge of the real surface structure. The investigation of the transfer behavior

of a sensor can be performed by measurements on measurement standards whose surface

structures are known. Likewise, sensor characterization is possible through comparative

measurements with reference sensors.

This thesis deals with the characterization of the transfer behavior of different sen-

sors for the detection of surface structures. For this purpose, a multisensor measurement

system is used, which allows comparative measurements of several sensors in one arrange-

ment. First, the different measurement methods of the used sensors are discussed and

their properties are presented. However, the focus is on a self-assembled Mirau coherence

scanning interferometer and a self-assembled point-wise measuring laser interferometric

distance sensor. A confocal microscope, an atomic force microscope, a tactile stylus in-

strument and a point-wise measuring Fizeau coherence scanning interferometer are used

as reference sensors. To investigate systematic measurement deviations, measurement

results obtained by these sensors are compared with respect to different measurement

standards. Further, repeatabilities of the sensors on different surfaces are determined and

compared.

For the characterization of the Mirau interferometer, different temporally short-

coherent illumination sources and different microscope objectives are used. The objectives

differ in magnification and numerical aperture. This allows the investigation of the in-

fluences of illumination and numerical aperture on occurring systematic measurement

deviations. The self-assembled interferometric confocal distance sensor is characterized in

particular by a high data rate of up to 116000 height values per second. This is achieved

by modulating the optical path length by oscillating the reference mirror at ultrasonic fre-

quencies. In this thesis, an optimized version of the sensor is presented, which is mainly

used for comparison measurements. It is shown that this high-speed sensor is an appro-

priate alternative to other point-wise measuring sensors. In addition, further possible

applications of this measurement method are presented.
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Kurzfassung

Mit zunehmender Miniaturisierung und steigendem Anspruch an die Fertigungsge-
nauigkeit von Oberflächenstrukturen im Mikro- und Nanometerbereich steigen auch die 
Anforderungen an die Messtechnik zur Sicherstellung der Fertigungsqualität. Dazu stehen 
verschiedene taktile und optische Messverfahren zur Verfügung. Da diese sich in ihrem 
Übertragungsverhalten unterscheiden, unterscheiden sich auch die systematischen 
Abweichungen in den gemessenen Höhenwerten, welche an kritischen Oberflächenstruk-
turen auftreten können. Die Identifizierung solcher systematischer Messabweichungen 
erfordert Vorkenntnisse über die realen Oberflächenstrukturen. Die Untersuchung des 
Übertragungsverhalten eines Sensors kann durch Messungen an Messnormalen, deren 
Oberflächenstrukturen bekannt sind, erfolgen. Ebenso ist eine Sensorcharakterisierung 
durch Vergleichsmessungen mit Referenzsensoren möglich.

Diese Arbeit befasst sich mit der Charakterisierung des Übertragungsverhal-
tens verschiedener Sensoren zur Erfassung von Oberflächenstrukturen. Zu diesem 
Zweck wird ein multisensorisches Messsystem verwendet, welches Vergleichsmessun-
gen mehrerer Sensoren in einer Aufspannung ermöglicht. Zunächst werden die unter-
schiedlichen Messmethoden der eingesetzten Sensoren diskutiert und deren Eigenschaften 
vorgestellt. Der Fokus liegt dabei auf dem in Eigenentwicklung entstandenen flächen-
haft messenden Mirau-Weißlichtinterferometer und einem punktförmig messenden laser-
interferometrischen Distanzsensor. Als Referenzsensoren werden ein Konfokalmikroskop, 
ein Rasterkraftmikroskop, ein taktiles Tastschnittgerät und ein punktförmig messendes 
Fizeau-Weißlichtinterferometer verwendet. Zur Untersuchung von systematischen Mess-
abweichungen werden Messergebnisse, welche mit den Sensoren an unterschiedlichen Mess-
normalen gewonnen wurden, gegenübergestellt. Ebenso werden Wiederholgenauigkeiten 
der Sensoren an verschiedenen Oberflächen bestimmt und verglichen.

Für die Charakterisierung des Mirau-Interferometers werden verschiedene zeitlich 
kurzkohärente Beleuchtungsquellen und unterschiedliche Mikroskopobjektive eingesetzt. 
Dabei unterscheiden sich die Objektive in der Vergrößerung und numerischen Apertur. 
Dies ermöglicht die Untersuchung der Auswirkungen von Beleuchtung und numerischer 
Apertur auf auftretende systematische Messabweichungen. Der in Eigenentwicklung ent-
standene interferometrisch-konfokale Distanzsensor zeichnet sich insbesondere durch eine 
hohe Messdatenrate von bis zu 116000 Höhenwerten pro Sekunde aus. Dies wird durch 
eine Modulation der optischen Weglänge erreicht, indem der Referenzspiegel mit Ultra-
schallfrequenzen oszilliert. In dieser Arbeit wird eine optimierte Version des Sensors 
vorgestellt, welche hauptsächlich für Vergleichsmessungen verwendet wird. Dabei zeigt 
sich, dass dieser High-Speed-Sensor eine Alternative zu anderen punktförmig messenden 
Sensoren darstellt. Zudem werden weitere Anwendungsmöglichkeiten dieses Messver-
fahrens vorgestellt.
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1 Introduction

The measurement process in industrial manufacturing is an important part of quality

control assurance. Since the skill of humans to create tools in the one or other way collat-

eral instruments are required to ensure that the aspired aim is reached. As manufacturing

requirements increase, so do the demands on metrology instruments. An important area

is the monitoring of surface finishes. In surface metrology, a distinction can be made

between several areas, such as shape, waviness, roughness and structures in the micro-

and nanometer range. Various surface measuring techniques exist for all of these areas.

In this context, non-contact methods such as optical measuring methods are becoming

increasingly important compared to tactile methods. This is because optical measurement

methods can often be used to perform significantly faster measurements with the same

or even higher measurement accuracy without mechanically influencing the surface to be

measured. An overview of tactile and optical surface measuring instruments is given by

Schmit et al. [1]. An example for form measurements is provided by fringe projection,

where several fringe patterns of different period length are projected sequentially onto the

surface of the object under investigation. Each fringe pattern on the object to be measured

is captured by a camera. The image stack comprising fringes of various period length can

then be evaluated using the Gray-code [2] and phase evaluation for more precise height

information [3, 4]. Similarly, single-shot fringe projection methods also exist, where the

different fringe pattern are separated by different colors [5, 6]. A further approach for form

measurement is given by shearing interferometry as reported by Hagemann et al. [7]. For

the measurement of structures in the micro- and nanometer range, confocal microscopy

[8] and coherence scanning interferometry [9, 10] are appropriate optical methods, which

are well established in industry and science. The combination of height information from

different measuring instruments to cover different areas completes the three-dimensional

image of the object being measured. For this purpose, measuring objects are often mea-

sured with different sensors in a coordinate measuring machine.

Although the transfer behavior of optical confocal and interferometric sensors is well

known in principle, there are still systematic deviations occurring at certain height struc-

tures, which require further investigation. Examples are artifacts occurring at edges and

slopes also known as batwings [11, 12] and slope effects [10] as well as artifacts occur-

ring by equal curvature of the surface under investigation and the wavefront of light of

the measuring instrument [13]. An investigation of such measurement deviations requires

knowledge of the real surface structure, which can be determined by comparative mea-

surements using sensors of different working principles and properties. For this purpose,

a multisensor measuring system is developed in the Measurement Technology Group of

the University of Kassel [14] as part of a major instrumentation project founded by the

DFG (Deutsche Forschungsgemeinschaft, German research foundation). A photograph
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of the multisensor setup is depicted in Fig. 1.1. In the basic configuration, the com-

mercial atomic force microscope (AFM), tactile stylus instrument and scanning confocal

microscope (SCM) are used as reference sensors to characterize the transfer behavior of

self-assembled sensors. The AFM is characterized in particular by a higher lateral reso-

lution compared to optical sensors. Therefore, it is assumed that the surface structures

measured with the AFM correspond more closely to reality. In contrast, the tactile stylus

instrument is suitable for comparison measurements to determine roughness parameters

of the structure under investigation. Furthermore, standards are based on measurements

with tactile instruments, which can be transferred to optical sensors through comparison

measurements. In this thesis, the focus is on optical topography sensors, especially on in-

terferometric measuring instruments. Therefore, the transfer behavior of a self-assembled

Mirau based coherence scanning interferometer (CSI) and an interferometric confocal dis-

tance sensor (ICDS) are investigated by comparing their measurement results with those

obtained by the reference sensors.

Granite
portal

Air bearing xy linear stages

AFM

ICDS

SCM

Tactile stylus
instrument

CSI

Figure 1.1: Multisensor measuring setup with five topography sensors horizontally ar-
ranged on an L-shaped granite portal.

In the following, the content of the thesis is outlined. The optical fundamentals

discussed in chapter 2 contribute to the understanding of the operation principle of the

optical sensors used in this thesis. Next, the multisensor measuring system is introduced

in chapter 3. In chapter 4, the working principles of a tactile stylus instrument and

an atomic force microscope are presented. Furthermore, the used stylus instrument and

AFM as well as their characteristics are discussed. Signal formation, signal processing

algorithms and the characteristics of the full-field instruments used in the multisensor

arrangement are discussed for the self-assembled Mirau CSI in chapter 5 and for the

SCM in chapter 6. The high-speed point-wise measuring ICDS and its miniaturized

version as a result of a ZIM (Zentrales Innovationsprogramm Mittelstand) project founded
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by the Federal Ministry for Economic Affairs and Energy of Germany are presented in

chapter 7. Here, the basic operating principle, the signal evaluation algorithms, the two

sensor versions and the individual optoelectronic components of the ICDS are explained

in detail. In addition to an application as a profilometer, a version for the detection of

relative length changes e.g. of a linear axis, as well as a concept for label-free detection

of molecule accumulations are introduced. The chapter concludes with a discussion of

possible influences on the measurement process. First, the repeatability of each full-

field and point-wise measuring sensor is determined to investigate their measurement

uncertainty for different conditions in chapter 8. Subsequently, the height values of

the sensors are calibrated with a depth standard. Furthermore, the transfer behavior of

the sensors is investigated by comparative measurements on several specimens of different

sinusoidal and rectangular structures. In addition, the suitability of each sensor to measure

rough surfaces is investigated by measurement standards of various roughness values.

Finally, a conclusion is drawn in chapter 9 and possible extensions are discussed in an

outlook. A more detailed introduction with the corresponding state of the art is given in

each chapter.
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2 Optical fundamentals

In this chapter the optical basics are presented, which are necessary for all optical

topography sensors introduced in the following chapters. Starting with the introduction

of interference, a discussion about temporal and spatial coherence, which are necessary

conditions to achieve interference follows. Finally, light microscopy as well as lateral

optical resolution limits for coherent and incoherent imaging are introduced. The working

principles of the optical sensors used in this thesis are different and thus their properties

are diverse, e.g. whereas the coherence scanning interferometer (CSI, introduced in Ch. 5)

is based on partial temporal coherence and spatial incoherence, the scanning confocal

microscope (SCM, introduced in Ch. 6) uses spatially coherent imaging due to the pinhole

applied in this sensor. The laser interferometric point sensor introduced in Ch. 7 provides

temporally and spatially coherent light. This chapter is primarily oriented towards the

references [15–19].

2.1 Interference

Interference describes the superposition of at least two waves, which leads to an in-

creased or decreased amplitude of the resulting wave at the location of overlap. Such an

interference effect can be observed for all kinds of waves, such as electromagnetic, acous-

tic and matter waves. In this thesis, light waves with wavelengths in the visible range

between approx. 380 nm and 800 nm as well as the near infrared (NIR) region between

1310 nm and 1550 nm are used. Therefore, the following descriptions are restricted to

electromagnetic waves.

The electromagnetic wave theory describes the propagation of a wave in space and

time comprising an electric field E and a magnetic flux density B. Note that in this thesis

vectors are marked by bold letters. In a homogeneous and an electrical neutral medium

(no electrical sources are in the medium, the charge density ρ=0) an electromagnetic wave

fulfills the wave equation [16]

∇2E− με
∂2E

∂t2
− μσ

∂E

∂t
= 0, (2.1)

which results from Maxwell‘s equations. Here, the magnetic permeability is represented

by μ, the electric permittivity by ε and ∇2 is the Laplace operator. In case of a non-

conductive medium (e.g. vacuum) the conductivity σ is zero and Eq. 2.1 reduces to

∇2E− με
∂2E

∂t2
=

(
∇2 − 1

c2
∂2

∂t2

)
E = 0 (2.2)
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for the electric field and

∇2B− με
∂2B

∂t2
=

(
∇2 − 1

c2
∂2

∂t2

)
B = 0 (2.3)

for the magnetic flux density. The propagation velocity

c =
1√
εμ

=
1√

ε0μ0εrμr

=
c0√
εrμr

(2.4)

of this wave depends on the permeated medium with the relative permittivity εr and

permeability μr, the constant permittivity ε0 and permeability μ0 in vacuum as well as

the speed of light in vacuum c0. The relation of c0 and c is designated as refractive index

n =
c0
c
=

√
εrμr, (2.5)

which depends on the oscillating frequency ν of the electromagnetic wave [16].

One solution of the wave equation is given by a linear polarized harmonic plane wave

E = E0 · ei(k·r−ωt+φ0), (2.6)

B = B0 · ei(k·r−ωt+φ0), (2.7)

with the propagation direction defined by the wave vector k [16], the location vector r,

the angular frequency ω = 2πν, an arbitrary phase φ0 as well as the real wave amplitudes

E0 and B0. A schematic illustration of such an electromagnetic wave is shown in Fig. 2.1.

Both, the electric field and the magnetic field (here represented by the magnetic flux

density) oscillate in phase and are perpendicular to each other as well as to the propagation

vector k [20]:

B =
1

ω
(k× E) . (2.8)

With this relationship the consideration of one of the two fields is sufficient, whereby in

the following only the electric field is considered. The absolute value of the propagation

vector k = kek is the wave number [16]

k = |k| = 2π

λ
=
ω

c
, (2.9)

with the relation between propagation velocity and the wavelength λ of

c = λν. (2.10)

Due to the superposition of two electromagnetic waves E1 and E2 of the form similar

to Eq. 2.6 with the same wavelength at location r, the resulting wave can be expressed by

E = E1 + E2 = E01 · ei(k1·r−ωt+φ01) + E02 · ei(k2·r−ωt+φ02). (2.11)

Due to oscillation frequencies of visible light of approx. 1015Hz, usual detectors in interfer-

ometric applications (e.g. photodiode, camera) are not able to detect that high oscillations.
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λ

E

B x,k

Figure 2.1: Linear polarized electromagnetic wave with an electric E and to this orthogo-
nally positioned magnetic field component B in vacuum. The in x propagating
wave comprises a wavelength of λ.

Instead, these detectors capture the time average S̄ of the Poynting vector [21]

S = εc2 (E×B) , (2.12)

which leads to the intensity

I = |S| = εc2|E| · |B|. (2.13)

In consideration of Eqs. 2.8, 2.9 as well as a perpendicular relation between the vectors k

and B the absolute value of B is [17]

|B| = 1

c
|E| (2.14)

and consequently, the intensity is proportional to the absolute square of the electric field:

I = εc|E|2 = εcE · E∗. (2.15)

Hence, the intensity of the interference yielded by Eq. 2.11 can be written as

I ∝ E · E∗ = E
2

01 + E
2

02 + E01 · E02

(
ei(k1·r+φ01−k2·r−φ02) + e−i(k1·r+φ01−k2·r−φ02)

)
= I1 + I2 + I12, (2.16)

where the offset intensities are represented by I1 and I2. Further reformulation of the

interference term I12 leads to

I12 = 2E01 · E02 cos(k1 · r− k2 · r+ φ01 − φ02)

= 2
√
I1I2 cos(δ) (2.17)

with the phase difference δ as the argument of the cosine function.

Figure 2.2 depicts a schematic diagram of a Michelson interferometer. A laser emits

a light beam, which is separated into the two beams E1 and E2 by a beam splitter cube.

Both beams are reflected at the corresponding mirror after passing the distances z1 and

z2, respectively. The reflected beams superpose, resulting in the electromagnetic field E in
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Diode laser

Photodiode

Mirror 2

Mirror 1

E1

E2

E

z1

z2

Δz

Figure 2.2: Schematic illustration of a Michelson interferometer with a laser as light source
and a photodiode as detector.

the range between the beam splitter and the photodiode, defined by the location vector r.

The photodiode detects the intensity of the interference intensity according to Eq. 2.16.

Due to the fact that the propagation directions of these two beams are identical (k1 = k2)

and by using the relation
δ

2π
=
OPL

λ
(2.18)

comprising the OPL = ns (optical path length) with the refractive index n of the per-

meated medium and the distance s, the phase difference δ in the interference term I12 of

Eq. 2.17 results in

δ = φ01 − φ02 =
4π

λ
(z1 − z2) . (2.19)

Here, the additional multiplication with 2 in the numerator results from passing twice

the distance z1 and z2. Assuming z1 = z2, the optical path difference (OPD) is zero and

the photodiode obtains the intensity of constructive interference. If the distance z1 is

varied over ±Δz, the OPD becomes ±2Δz, hence the amplitude of the resulting wave E
reduces and thus the intensity detected by the photodiode decreases. In case of an OPD,

which corresponds to a phase difference between the electromagnetic waves E1 and E2 of

(2m + 1)π with m= 0,±1,±2, ..., destructive interference arises. In case of destructive

interference the intensity

Imin = I1 + I2 − 2
√
I1I2 (2.20)

reaches the minimum value and becomes zero, if the amplitudes E01 and E02 of both waves

are equal at the location of interference. On the other hand, the maximum intensity

Imax = I1 + I2 + 2
√
I1I2 (2.21)
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occurs for constructive interference, which appears for a phase difference of 2mπ between

the interfering waves. The visibility (also known as contrast or modulation depth) of the

difference between the intensity of constructive and destructive interference is given by

[16]

V =
Imax − Imin

Imax + Imin

=
2
√
I1I2

I1 + I2
. (2.22)

This is one useful parameter to estimate the performance of an interferometric setup. The

occurrence of interference requires coherence, i.e. a solid phase relation between the super-

posed waves exist at the location of interference. If I1 = I2 = I0/2, i.e. equal intensities

of both interferometer arms apply, which arises in case of equal surface reflectivity of the

reference and measurement object, Eq. 2.16 can be simplified to

I = I0

[
1 + cos

(
4π

λ
Δz

)]
. (2.23)

Consequently, the visibility according to Eq. 2.22 becomes unity, which is the maximum

reachable value for V .
In this section monochromatic plane waves are assumed to demonstrate the interfer-

ometric principle. However, further effects such as coherence need to be considered as it

is discussed in the following section.

2.2 Coherence

In the paragraph before, a coherent light source is assumed in order to derive the

interference equation (Eq. 2.16). However, in reality light sources are partially coherent

and for special cases approximated to be coherent or incoherent. In addition, this section

is divided into subsections dealing with either temporal or spatial coherence, as electro-

magnetic waves are propagating in time as well as in space (see Eqs. 2.6 and 2.7). Note

that the electric fields used in this section represent only a single component of the field

vector.

2.2.1 Temporal coherence

As shown in Eq. 2.16, the intensity I is proportional to the temporal average of the

absolute square of the complex electric field E and can be expressed by

EE∗ = (E1 + E2) (E∗
1 + E∗

2), (2.24)

with the scalar electric fields

E1 = E01 e
iω(t+τ) (2.25)

and

E2 = E02 e
iωt. (2.26)

Here, the time depending electric fields are fixed at one point in space and distinguished

by the time difference τ , which illustrates that both waves travel over different distances
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before superposition. Then, the interference term (see Eq. 2.17) can be written as

I12 = εc
(
E1E∗

2 + E∗
1E2

)
= 2εc Re{E1E∗

2}. (2.27)

The temporal average of the multiplication E1E
∗
2 can be expressed by the complex corre-

lation function [15]

Γ12(τ) = E1(t+ τ)E∗
2(t) =

∞∫
−∞

E1(t+ τ)E∗
2(t)dt (2.28)

with the assumption T→ ∞ for the temporal period length. The inverse Fourier transform

yields the relation between spectral density of the light source and the emitted electric

field [15]

E(t) =

∞∫
−∞

Ẽ(ν)ei2πνtdν (2.29)

as well as vice versa for the complex spectrum

Ẽ(ν) =

∞∫
−∞

E(t)e−i2πνtdt. (2.30)

Regarding the relation between spectrum and electric field according to Eq. 2.29 and 2.30

the correlation function can be expressed by

Γ12(τ) =

∞∫
−∞

E1(t+ τ)E∗
2(t)dt =

∞∫
−∞

Ẽ1(ν)Ẽ∗
2(ν)e

i2πντdν (2.31)

as shown in [15, 22]. The product of these two spectra results in the mutual power spectral

density (PSD)

S(ν) = Ẽ1(ν)Ẽ∗
2(ν), (2.32)

which leads to

Γ12(τ) =

∞∫
−∞

S(ν)ei2πντdν (2.33)

and equally for the PSD

S(ν) =

∞∫
−∞

Γ12(τ)e
−i2πντdτ. (2.34)

These relations show that the autocorrelation of an electric field is equal to the Fourier

transform of the corresponding PSD, which is also known as the Wiener-Khinchin theorem

[15]. Due to the normalization of the correlation function by the product of the root mean
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square of the respective electric fields, the complex degree of coherence [15]

γ12(τ) =
Γ12(τ)√

Γ11(0)
√
Γ22(0)

=

∞∫
−∞

S(ν)ei2πντdν

∞∫
−∞

S(ν)dν

= |γ12| eφ12 (2.35)

is obtained. With φ12 = α12 − δ, the intensity corresponds to

I = I1 + I2 + 2
√
I1I2 |γ12| cos (α12 − δ) , (2.36)

where the real part of γ12 is taken according to Eq. 2.27, α12 represents a phase offset

between the sources and δ = 2πντ [15]. The visibility presented by Eq. 2.22 then changes

to

V =
Imax − Imin

Imax + Imin

=
2
√
I1I2

I1 + I2
|γ12| . (2.37)

With regard to Eqs. 2.36 and 2.37, there are three different states for the degree of

coherence:

|γ12| = 1 Coherent

|γ12| = 0 Incoherent

0 < |γ12| < 1 Partially coherent.

In sum, temporal coherence depends on the spectral density of the electromagnetic

wave emitted by a light source and is characterized by the temporal degree of coherence.

In case of an ideal monochromatic light source (|γ12| = 1) with the frequency ν0, there are

only delta peaks at the frequencies ±ν0 = ν in the corresponding spectrum. Thus, a cosine

with a frequency of ν0 is obtained according to Eq. 2.33, resulting in an intensity signal as

it is given by Eq. 2.17. Due to the usage of a partially coherent light source (|γ12| < 1) such

as an LED, the spectral bandwidth increases compared to those of the monochromatic

light source, as illustrated in Fig. 2.3. Here, the spectral density can be interpreted as a

convolution of its zero mean power density function with a delta function at its central

frequency ν0. Consequently, the resulting intensity in the time domain equals the real

part of the product of the Fourier transformed spectral density and the Fourier transform

of the delta function, i.e. a multiplication of a monochromatic wave with the frequency

ν0 and an envelope function. This corresponds to a superposition of the intensities of

various electromagnetic interferences comprising amplitudes and frequencies according to

the spectral density.

A measure for the longitudinal range with a well-defined phase relation of the electro-

magnetic wave is provided by the coherence length lc, which is connected to the coherence

time τc by

lc = τcc. (2.38)

Several definitions for the coherence time are applied in literature. One method is the

usage of the coherence time as the FWHM (full width half maximum) of the correlation

function [23]. In other references [24, 12, 25], the 1/e bandwidth is applied to determine
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τc. Born and Wolf [15] introduce the coherence time by

τ 2c =

∞∫
−∞

τ 2 |Γ(τ)|2 dτ
∞∫

−∞
|Γ(τ)|2 dτ

, (2.39)

which corresponds to the normalized standard deviation of the absolute square of the

correlation function and equivalently for the associated effective spectral width Δν by

(ΔνBW )
2 =

∞∫
0

(ν − ν)2 S2(ν)dν

∞∫
0

S2(ν)dν

, with ν =

∞∫
0

νS2(ν)dν

∞∫
0

S2(ν)dν

. (2.40)

Here, the relation between coherence time and spectral width corresponds to Heisenberg‘s

uncertainty relation by

τcΔνBW ≥ 1

4π
. (2.41)

According to Goodman [19], the most natural and most frequently used definition is

τc =

∞∫
−∞

|γ(τ)|2 dτ, (2.42)

where the spectral width is defined as the half-power bandwidth, FWHM [19] or by the

-3 dB bandwidth [26].

An example is provided for a light source with a normalized Gaussian density as shown

ta) νν0b)

S(ν)

|γ12| < 1

I τc = lc/c

ΔνFWHM

0 0

Δν-3dB

S(ν0)
ΔνBW

|γ12| = 1

Figure 2.3: Relation between interference signal and its corresponding power spectral den-
sity. a) Partially coherent interference signal (solid blue line) with its envelope
(solid red line) as well as a coherent interference signal (dashed gray line) with
its envelope (dashed red line) and b) the corresponding spectrum according
to Eq. 2.44 and a delta peak representatively for a temporally coherent light
source of the frequency ν0. τc represents the coherence time calculated by
Eq. 2.52 and Δν the spectral width for several definitions.
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in Fig. 2.3. The depicted PSD is described by

S(ν) =
1√
2πσν

e
− (ν−ν0)

2

2σ2
ν (2.43)

with the standard deviation σν . According to Eq. 2.33 the correlation function results in

Γ(τ) =

∞∫
−∞

1√
2πσν

e
− (ν−ν0)

2

2σ2
ν ei2πντdν = e−2π2σ2

ντ
2

ei2πν0τ (2.44)

and due to normalization, i.e.
∞∫

−∞

S(ν)dν = 1, (2.45)

the coherence time introduced in Eq. 2.42 is calculated by

τc =

∞∫
−∞

|Γ(τ)|2 dτ =
∞∫

−∞

e−4π2σ2
ντ

2

dτ =
1

2
√
πσν

. (2.46)

With regard to the spectral widths νFWHM and ν-3dB the relations

τc =

√
2 ln(2)√
π

1

ΔνFWHM

=

√
ln(2)√
π

1

Δν-3dB
(2.47)

are obtained, where ΔνFWHM= 2σν
√
ln(2) represents the spectral width at FWHM and

Δν-3dB= ΔνFWHM/
√
2 the spectral width at -3 dB. As shown in [19] (Chap. 5.13), the

relation τc = 1/νFWHM occurs assuming a rectangular power spectral density.

In comparison, the square of the coherence time pursuant to Eq. 2.39 is calculated

τ 2c =

∞∫
−∞

τ 2e−4π2σ2
ντ

2
dτ

∞∫
−∞

e−4π2σ2
ντ

2dτ

=
1

8π2σ2
ν

(2.48)

and hence, the coherence time is

τc =
1

2π
√
2σν

. (2.49)

The spectral bandwidth according to Eq. 2.40 corresponds to

ΔνBW =
σν√
2
, (2.50)

which leads to the relation

τc =
1

4π

1

ΔνBW

(2.51)

and consequently, satisfies the minimum condition of Eq. 2.41. In case of the Gaussian

density, this equation permits only small reductions of the visibility and limits the coher-
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ence time to a low range. Assuming a relation of

τc =
1

ΔνBW

(2.52)

the coherence time comprises nearby the full range where interference occurs, as illustrated

in Fig. 2.3. Therefore, this relation is of special interest in interferometry.

With ν = c/λ the spectral width results in

ΔνBW = c
Δλ

λ20
, (2.53)

where λ0 is the central wavelength and Δλ is the wavelength range corresponding to

ΔνBW. Hence, the coherence length can be expressed by

lc = cτc =
λ20
Δλ

. (2.54)

At this point it should be mentioned that the equation above is obtained by use of Eq. 2.52.

If another definition of the coherence length is applied, λ20/Δλ needs to be extended by

a corresponding factor. Lehmann [27] demonstrates a similar example for polychromatic

light with a discrete spectral density.

2.2.2 Spatial coherence

Besides temporal coherence a further important influence on interference signals is

given by the spatial coherence. In contrast to the derivation of the temporal coherence

with only one point source, the spatial coherence comprises the superposition of light

emitted by several point sources at different locations on an observation screen. This is

described by the Van Zittert-Zernike theorem, which is illustrated by a schematic sketch

in Fig. 2.4. Here, a planar geometry Σ of the source is assumed. Furthermore, the distance

between the parallel to each other orientated source and observation plane is specified by

z0. The whole region Σ of the light source is divided into point sources Q, which emit

light under various angles. The example depicted in Fig. 2.4 shows one point source with

two emitted light rays with the distances r1 and r2 to the observation screen. Further

η

Source
Σ

y

x
P1

P2z0

ξ

Observation
screen

Q
r1

r2

Figure 2.4: Schematic illustration of the Van Cittert-Zernike theorem. Oriented to [15, 19].
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assumptions are low geometric dimensions of Σ and the observation region compared

to the distance z0, so that r1r2 ≈ z20 and paraxial beams are expected. Therefore, the

distances r1 and r2 can be described by

r1 =

√
z20 + (x1 − ξ)2 + (y1 − η)2 ≈ z0 +

(x1 − ξ)2 + (y1 − η)2

2z0
,

r2 =

√
z20 + (x2 − ξ)2 + (y2 − η)2 ≈ z0 +

(x2 − ξ)2 + (y2 − η)2

2z0
.

(2.55)

With the convention of an intensity I(ξ, η) = 0, when the coordinates (ξ, η) are outside

the region Σ of the extended light source, the Van Cittert-Zernike theorem is expressed

by the normalized spatial coherence factor [19]

γ(x1, y1; x2, y2) =

e−iψ
+∞∫∫
−∞

I(ξ, η)e
i k
z0

(Δxξ+Δyη)
dξdη

+∞∫∫
−∞

I(ξ, η)dξdη

, (2.56)

where k = 2π
λ
, Δx = x2 − x1, Δy = y2 − y1 and the phase factor ψ is given by

ψ =
k

2z0

[(
x22 + y22

)− (x21 + y21
)]
=

k

2z0

(
ρ22 − ρ21

)
. (2.57)

The distances of the points P1 and P2 from the optical axis are described by ρ1 and ρ2.

If the distances of both points are equal (ρ1 = ρ2), the phase ψ becomes zero and thus

e−iψ = 1. This term can also be neglected (e−iψ ≈ 1) when the distance z0 is so large that

λ� 2
ρ22−ρ21
z0

is valid, which is usually satisfied for |γ| � 0. The normalized coherence factor

presented in Eq. 2.56 corresponds to the two dimensional Fourier transform across the

intensity I(ξ, η) of the light emitting region Σ of the source, where the spatial frequencies

are represented by

kx =
k

z0
ξ and ky =

k

z0
η. (2.58)

Analogous to the definition according to Eq. 2.42 for the coherence time τc, a definition

for the coherence area Ac can be introduced by [19]

Ac =

+∞∫∫
−∞

|γ(Δx,Δy)|2 dΔx dΔy. (2.59)

The spatial coherence depends on the geometrical expansion of the light source and de-

creases with an increasing Σ. If light originates from a single point source, a spatial

coherent illumination is obtained. In this case, the phases of the electromagnetic illu-

mination field are correlated at each point of the illuminated object. This is exemplary

satisfied by using a laser as light source. On the other hand, light is spatially incoherent

when the phases of the illumination field are uncorrelated at each point of the object,

which is the case for an extended or diffuse light source such as an LED.
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2.3 Light microscopy

A light microscope is an instrument comprising optical elements to observe small

structures down to sub-micrometer dimensions by an optical magnification of the object

under investigation. Such instrument are the working horses in many fields of application

and thus, they are indispensable in research and industry.

2.3.1 Working principle of a microscope

A fundamental element of a microscope is the optical lens. The imaging by one thin

lens is shown in Fig. 2.5. An object with the height A is placed on the left-hand side in

front of a thin lens at a distance of a (object distance), where a is larger than the focal

length f of the lens. The lens collects the reflected or emitted light from the object and

forms a magnified real image of the height B on the right side of the lens at a distance

of b (image distance). In case of thin lenses, f is equivalent to f ′ [16] and the connection
between object distance a and image distance b is given via the focal length f , as described

by the Gaussian lens formula
1

f
=
1

a
+
1

b
. (2.60)

The transversal magnification M between object size A and image size B can be formu-

lated by [16]

M =
B

A
= − b

a
=

f

f − a
. (2.61)

As be taken from this equation, the amount of the magnification |M | can be higher, equal
or lower than one and therefore, the image size can be varied. For the example depicted in

Fig. 2.5 the image size is larger than the object size. Furthermore, the image is mirrored

at the optical axis, as expected by the negative sign in Eq. 2.61. The real image requires

an object distance a > f . However, is a ≤ f a non-reversed virtual image occurs at the

object side. This effect is used in case of a magnifying glass. If a = f the lens collimates

the diverging rays, which is the optimal working point for a human eye [16].

A geometrical realization of the imaging by a thin lens occurs by characteristic ray

A

b

f f ′

a
B

F F ′

(1)

(2)

(3)

Figure 2.5: Imaging beam paths by using a thin lens. Ray (1), (2) and (3) are character-
istic rays of optical imaging with a lens.
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paths, as displayed in Fig. 2.5. Starting from a certain point of the object to be imaged,

a ray parallel to the optical axis (ray (1)) is collected by the lens and refracted through

the focal point F ′ of the lens. A second ray passes the center of the lens, where the ray

is not refracted by the lens. The cross point of ray (1) and (2) is the imaged point of the

object sided point of departure. Similar to ray (1), a third ray passing the focal point F

on the object side is collimated by the lens and crosses the point of intersection.

Optical systems often comprise multiple lenses inter alia to increase the magnification

and correct optical aberrations in order to improve the quality of imaging. Other optical

components, like mirrors or beam splitters may also be part of optical systems. The

effect of a mirror in the optical path of an imaging system is depicted in Fig. 2.6b. As

shown by the virtual image, the object is mirrored at the optical axis by the mirror and

hence, the lens creates a non-reversed image. When using multiple mirrors in an optical

system the orientation and number of the used mirrors are important. In case of an even

number a non-reversed image occurs for mirrors arranged in parallel and a reversed image

for an antiparallel arrangement. For example, the combination of three parallel and one

antiparallel arranged mirrors results in a reversed image, as discussed in [15] on page 272.

Figure 2.6a shows an optical system of two thin lenses arranged in a distance of b1+a2
between them. Assuming a1 > f1 the first lens creates an image with the height A

′ at a
distance b1 of the observed object. According to Eq. 2.61, the magnification of the first

A

b1

f1 f ′
1

a1

B

A′

a2 b2

f2 f ′
2

a)

Mirror

Virtual plane

Object plane

Image plane

r

b)

Figure 2.6: a) Optical system of two thin lenses and b) a combination of a mirror and a
lens.
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image is calculated by

M1 = − b1
a1

=
A′

A
. (2.62)

The reversed image is further magnified by a second lens to the non-reversed image of the

height B. Here, the magnification is described by

M2 = − b2
a2

=
B

A′ =
B

M1A
, (2.63)

including the magnification of the first lens. Regarding the definition of Eq. 2.61 the whole

magnification of the optical system is determined by

M =
B

A
=M1M2 =

b1
a1

b2
a2

=
f1f2

(f1 − a1)(f2 − a2)
, (2.64)

which shows that the multiplication of the single magnifications results in the magnifica-

tion of the complete optical system.

Changing the distance a2 to be equal or smaller than the focal length f2 the image

of the second lens becomes virtual, comparable to a magnifying glass using one lens as

mentioned above. However, the virtual image is now reversed, because of the two lenses.

The usage of two lenses increases the magnification compared to one lens, as illustrated by

Eq. 2.64. This arrangement corresponds to that of a classical light microscope, where the

first lens represents the objective and the second lens the ocular. In reality, a microscope

objective as well as other optical imaging systems (ocular, condenser, tube lens, etc.)

comprise several lenses, which are represented in the following by one single lens. The

objective lens creates a real intermediate image of the observed object. This image is

enlarged by the ocular to a virtual image that is usually placed nearby in the infinity, as

shown in [16]. In this case, the entire transversal magnification is calculated by [16]

M =MOMA, (2.65)

with the magnification MO of the objective and angular magnification MA resulting by

the ocular, which is also applied to determine the enlargement of a magnifying glass.

However, the magnified image is observed by a human eye and thus, cannot be used

for further data analysis. Therefore, the magnified image is recorded by a camera in a

digital microscope, as depicted in Fig. 2.7. Here, the observed object is placed in the

focal plane of the objective lens and consequently, the collected beams are collimated by

the infinity corrected objective. As seen by the blue solid rays, the parallel beams are

captured by a tube lens and focused to the light sensitive chip of a camera, which is

positioned in the focal plane of the tube lens. The digitally recorded image information

allows a further processing, e.g. the measurement of lateral widths of various structures

on a substrate. Due to an image distance bO → ∞ of the objective and an object distance

aT → ∞ of the tube lens, aO corresponds to the focal length fO of the objective and bT
is equal to the focal length fT of the tube lens, according to Eq. 2.60. Hence, the entire
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transversal magnification of this imaging system results in

M =MOMT = −fT
fO
. (2.66)

The area between objective and tube lens is called afocal space, where the imaging beams

are collimated. This enables the inclusion of additional plane-parallel optical elements

without affecting the imaging process. As depicted in Fig. 2.7, the digital microscope

comprises a beam splitter in order to include a coaxial incident illumination, illustrated by

the red dashed lines. Here, a compact Köhler illumination is applied, which is introduced

in more detail in Sec. 2.3.2.

Specimen

Objective

Condenser

Tube lensBeam splitter Image plane

Pupil plane

Light source

fO fTAfocal space
C
am

er
a

Figure 2.7: Sketch of a digital microscope by using a digital camera. The imaging beam
path is marked by a blue solid line and the red dashed line represents the
illumination beam path, generated by a compact Köhler illumination. fO is
the focal length of the microscope objective and fT those of the tube lens.

2.3.2 Illumination

The preferred kind of illumination depends on the application. Common illumination

methods for label-free imaging of surface structures are brightfield, darkfield and phase

contrast in optical microscopy. Investigating biological tissue, transmitted brightfield illu-

mination is usually applied. Here, a light source and condenser are placed for illumination

below the sample under observation. The result of this illumination method is a bright

background with intensity damped areas for absorbed and black fields for opaque sections

of the sample. Transmitted brightfield illumination provides a good contrast for specimens

with strong absorption. However, the bright background reduces the dynamic range of

the used camera and structures at the surface of the sample are invisible. Such structures
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are observable by using incident brightfield or darkfield illumination. Darkfield illumina-

tion enhances the contrast and visibility of small surface features compared to brightfield

illumination. The reason for this is an oblique illumination of the surface under investi-

gation and thus, only high-angle scattered light is captured by the microscope objective.

This leads to an image with a black background and bright emphasized features. An

overview and comparison of these methods is available in [28–32]. These methods are

useful regarding amplitude-objects, where light is absorbed from the observed features of

the sample and spectral (colored) or general absorption takes place. In case of a transpar-

ent object the intensity of the passed light differs hardly compared to the environmental

light at the camera. Therefore, the contrast by using the upper illumination methods are

low. Besides a hardly affected amplitude modulation the phase is changing by various

refractive indices of the preparation, which is called a phase-object in this case. A good

contrast offers the Zernike phase-contrast method [33–35]. In this method a transmitted

brightfield illumination is applied, where a circular diaphragm is placed in the pupil plane

of the illumination condenser and therefore, limits the angles of incidence. A phase-object

in the object plane of the microscope disperses the incoming light on its structure. Here,

the diffraction of 0. order passes the small phase shifting ring of a phase plate, which is

placed in the pupil plane (Fourier plane) of the microscope objective. On the other hand,

the diffracted beams of higher order do not pass this small ring and hence, become not

phase shifted. The shifted and non-shifted beams interfere in the image plane (camera

chip). Due to so-called positive or negative phase plates, a positive or negative phase

contrast is achieved, which results in darker features compared to the background and

vice versa.

In case of opaque even surface structures and especially for interferometric applica-

tions as CSI, incident brightfield illumination is necessary. A homogeneous lighting of the

specimen provides the Köhler illumination [36–38]. Figure 2.8 depicts a schematic illustra-

tion of an arrangement to achieve Köhler incident brightfield illumination. Tracking the

solid lines, which represent the illumination path, the surface of the light source is imaged

to a plane with an aperture stop by a collector lens. Then, two combined lenses transfer

the image to the pupil plane of the microscope objective, where the pupil is completely

filled by the image. The pupil plane corresponds to the entranced focal length of the

objective. Therefore, the light beams are collimated in the direction of the object under

investigation. Due to the overlap of collimated beams with different angles of incidence,

the surface of the specimen is homogeneously illuminated. The dashed line represents the

imaging path. As shown in the figure, instead of the surface of the light source the plane

in the left focal point of lens 2 is imaged to the surface of the specimen, which is also

imaged to the image plane. Collector, lens 1 and 2 as well as aperture and field stop build

the light condenser of this microscopic setup. With the field stop positioned at the left

focal point of lens 2, the size of the illuminated field on the specimen can be adjusted.

The aperture of the illuminated beams and also the brightness can be aligned by the

aperture diaphragm. Examples of different opening diameters of each stop are shown in

Fig. 2.8a until Fig. 2.8c. If both diaphragms are completely open, the maximum field on

the specimen surface is illuminated with the maximum angle of incidence, as depicted in

Fig. 2.8c. Figure 2.8b illustrates a maximum opened aperture stop and a restricted field
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Figure 2.8: Incident Köhler illumination with various open aperture and field stops, ori-
ented on [38]. The diameters are a) reduced for both stops, b) reduced for
field stop as well as completely open for aperture stop, and c) completely open
for both stops.

diaphragm and Fig. 2.8a a reduction of both stops. In practice, the condenser shown in

Fig. 2.8 including the diaphragms is often not necessary due to an LED (light emission

diode) as light source, whose intensity can be adjusted by electrical current and because

of an additionally adjustable exposure time of the camera to control the brightness of

the detected light. Further, the largest field of view as well as the highest aperture are

usually desired. Then, the depicted arrangement for incident Köhler illumination can be

exchanged by a compact Köhler illumination of at least one lens, as shown in Fig. 2.7.

This kind of illumination is often used in microscopy, especially in case of interferometric

setups. With a spatially extended light source such as a LED and a completely illumi-

nated entrance pupil of the objective, a homogeneous incoherently illuminated region of

interest (ROI) is achieved.

In case of another arrangement of the lenses, where the surface of the LED is imaged

to the surface of the specimen, the so-called critical (also known as source-focused or Nel-

sonian) illumination occurs [39]. This kind of illumination requires less optical elements

compared to the presented setup in Fig. 2.8 and creates bright field illumination. How-

ever, due to the imaging of the light source surface to the specimen, the illuminated area

is usually not homogeneous and furthermore, the surface structure of the light source su-

perposes with that of the specimen in the captured camera pictures. Critical illumination
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is therefore often replaced by Köhler illumination. These configurations can be equally

used as condenser for transmitted brightfield illumination.

2.3.3 Resolution limit in optical imaging according to Abbe

Optical applications such as a light microscope magnify surface structures to enable

insight into features down to sub-micrometer dimensions. Thereby, the observed level of

detail in the image plane is restricted by the illumination wavelength due to diffraction

effects, as recognized by Ernst K. Abbe and John W. Strutt also known as Lord Rayleigh.

In order to characterize the optical resolution with regard to periodical structures,

the transfer behavior of small optical gratings was investigated by Ernst Abbe [18]. A

schematic diagram of the imaging setup is depicted in Fig. 2.9a. Illuminating a grating

with a period length Lg by an incoming monochromatic plane wave, diffraction occurs.

The well known relation describing this grating diffraction is [20]

Lg · sin (θg) = mλ, (2.67)

where θg represents the diffraction angle and m ∈ Z is the diffraction order. The objective

lens transfers the diffracted light to the image plane, by collecting the diffracted beams.

Here, the electric field in the focal plane behind the lens corresponds to the Fourier

transform of the grating structure [18]. As a result, the grating is not resolved, if only the

0th diffraction order is collected by the objective lens. Due to the additional collection

of the beams of +1th and -1th order the period length Lg is certainly apparent in the

imaged grating. Therefore, the minimum resolvable period length by an incident plane

wave for illumination results with m = 1 in Eq. 2.67 to

Lg,min =
λ

sin (θg)
=

λ

NAobj

, (2.68)

where the diffraction angle θg corresponds to the maximum collectable angle θmax of the

objective and its numerical aperture NAobj is described by

NAobj = n sin (θmax) , (2.69)

where n is the refractive index of the surrounding medium (n≈1 in air). The more beams
of higher orders are collected, the more precisely is the grating imaged. Consequently, the

information of the structure is contained in the beams of higher order than 0th, whereas

the beams of zeroth order contribute an intensity offset.

An explanation provides the Fourier transform of the grating, as shown in Fig. 2.9b

and Fig. 2.9c. The power spectral density S of the first three diffraction orders across

the spatial frequency kx as well as a frequency area SL covered by the lens is presented.

As shown in Fig. 2.9b, the 0th as well as the ±1th orders are covered by SL due to the

collection of the corresponding beams by the lens. In contrast, the beams of higher order

as the ±2th do not hit the lens and hence are not covered by SL. Consequently, the

lens provides a low pass filter with a frequency range of ±1/Lg,min. The inverse Fourier

transform of such a spectrum to the image plane results in a sinusoidal intensity structure
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Figure 2.9: Image formation according to Abbe illustrating the lateral optical resolution
at a grating, with a) a sketch of the arrangement (oriented on [18]) and the
Fourier plane comprising the intensity peaks of the corresponding diffraction
orders as well as the covered spatial frequency range SL by the lens in b) and
c). S is the power spectral density PSD. The period length Lg of the grating
is resolved b) and unresolved c).

with a frequency equal to the fundamental frequency 1/Lg of the grating and an additional

intensity offset obtained due to the collected beam of 0th order. Hence, the period length

of the grating under investigation is resolved. On the other hand, if the beams of ±1th
order are not collected by the lens, their spectral density is outside the low pass filter of

SL. Therefore, the inverse Fourier transform only results in an intensity offset given by

the 0th order and the grating is unresolved.

In the next step, the grating under investigation is illuminated with light beams under

several incident angles θe, instead of a plane illumination wave as assumed before. Figure

2.10 shows a schematic illustration of the arrangement including a grating, an objective

lens and its corresponding Fourier plane. Here, the beam of 0th order marked by the wave

vector k0. (blue beams) is diffracted under the angle θ0. Then, Eq. 2.68 changes to [20]

Lg (sin(θe) + sin(θ0)) = Lg (NAe +NAobj) = mλ, (2.70)

with NAe for the illumination and the assumption that the diffraction angle θ0 corresponds

to θmax of the objective. If the diffraction angle θg between k−1. and k0. are equal to θe+θ0,
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Figure 2.10: Grating diffraction with an oblique incident illumination to increase the lat-
eral optical resolution. ke, k0. and k−1. represent the wave vectors of the
incident and the diffracted waves.

the minimal resolvable period length becomes

Lg,min =
λ

NAe +NAobj

=
λ

2NAobj

, (2.71)

i.e. the lateral optical resolution reduces to the half, when the numerical aperture of the

illumination equals the NA of the objective. This is satisfied in case of a fully illuminated

entrance pupil of the objective lens, which is inter alia possible by the Köhler illumination

presented in Sec. 2.3.2. Note that in Fig. 2.10 the reflection case on an opaque grating is

considered instead of the transmission case as before in Fig. 2.9.

2.3.4 Resolution limits for coherent and incoherent imaging

As introduced in Sec. 2.3.3, the resolution limit by Abbe is obtained for periodical

structures by using a temporally and spatially coherent light source. On the other hand,

the investigation of Lord Rayleigh regards the optical imaging of a single point on the

investigated object based on its scattered field. Here, it is assumed that the whole surface

of the object can be separated into point sources, from which a scattered field originates.

These point sources are imaged by an objective and a tube lens to a light sensitive cam-

era chip in a microscope setup (see Fig. 2.7). In order to quantify the performance of

the imaging system its point spread function (PSF) can be calculated. For a circular

symmetric and aberration-free lens the radial variation h(r) of an amplitude PSF can be

described in the paraxial approximation by [8]

h(r) =
2J1 (krNA)

krNA
, (2.72)

where J1 is the Bessel function of the first kind and order and r represents the radial

distance from the central image point. A profile of the symmetric PSF through its center
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Figure 2.11: Amplitude (blue) and intensity (red) of a PSF for a simple lens with an
uniform pupil function.

is depicted in Fig. 2.11. As shown, the amplitude as well as the corresponding intensity

I = |h|2 are displayed over the normalized distance krNA for negative and positive r.

The image intensity Ii depends on the kind of coherence of the illumination. In case

of a spatially incoherent illumination the phase relation between incident light beams of

different angles is random and thus, the intensity of the PSF and the scattered electro-

magnetic field ψs are convolved to [18]

Ii,inc = |h|2 ∗ |ψs|2 , (2.73)

whereas for the coherent case the intensity results in

Ii,coh = |h ∗ ψs|2 , (2.74)

due to the fixed phase relations. Fourier transform of Eqs. 2.73 and 2.74 leads to

F {Ii,inc} = [H ∗H] [Ψs ∗Ψ∗
s ] (2.75)

for the incoherent and

F {Ii,coh} = HΨs ∗HΨ∗
s (2.76)

for the coherent case. Here, H is the Fourier transform of the PSF and represents the

coherent transfer function (CTF) of the lens, also known as amplitude transfer function

(ATF). Ψs is the spectrum of the scattered field ψs. In case of incoherent illumination

the transfer function is described by the optical transfer function (OTF) and can be

formulated by

O(kx, ky) = H ∗H =

+∞∫∫
−∞

|h(x, y)|2 e−i(kxx+kyy) dx dy

= MTF(kx, ky) e
−i PTF(kx,ky), (2.77)

where the modulus of the OTF or the CTF is the modulation transfer function (MTF)

and the argument is represented by the phase transfer function (PTF) [40]. Thereby, the
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MTF describes the relation between the spatial modulation of the image and those of the

object for each spatial frequency.

Assuming a PSF according to Eq. 2.72 the CTF represents a circular aperture of the

form

H(kρ) =

⎧⎪⎪⎨
⎪⎪⎩
circ

(
kρ
kp

)
= circ

(√
k2x + k2y
kp

)
, for kρ ≤ kp

0, otherwise,

(2.78)

with the radius kp corresponds to half the cutoff frequency kc = 2NA k and kρ is the

spatial frequency in radial direction. Then, the OTF results in accordance with Eq. 2.77

in the cross correlation of H(kρ) [8]:

O(kρ) =
2

π

⎡
⎣arccos(kρ

kp

)
− kρ
kp

√
1−
(
kρ
kp

)2
⎤
⎦ . (2.79)

Figure 2.12 shows the resulting MTFs of the CTF (blue curve) and the OTF (red curve) for

the PSF according to Eq. 2.72. These functions are plotted against the spatial frequency

kρ normalized to the cutoff frequency kc. The MTF for the coherent case is represented

by a rectangular shape and drops to zero immediately at a spatial frequency NA/λ.

This is in agreement with the considerations of E. Abbe for the case of an incoming

monochromatic plane wave propagating along the optical axis, as illustrated in Fig. 2.9.

In this case the Abbe resolution limit matches to kp = kc/2, whereas the resolution limit

can be extended to kc due to an oblique incident wave, as illustrated by Fig. 2.10 and

demonstrated mathematically in Eq. 2.71. Then, the rectangular shaped MTF of the CTF

is extended to kc [41, 42]. On the other hand, the incoherent MTF shows an approximately

linear decrease. Consequently, the contrast of the coherent transfer function is higher

compared to the contrast of the incoherent function for kp < kc/2. However, the contrast

of the incoherent MTF is higher compared to the CTF for frequencies higher than kp
as depicted in Fig. 2.12 and therefore, an improved lateral resolution is obtained for an

incoherent illumination. A disadvantage of coherent illumination are speckles [8, 27] in
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Figure 2.12: MTF of the coherent (blue) and incoherent transfer function (red) with var-
ious lateral resolution limits. kc = 2NA k is the spatial cutoff frequency.
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the resulting image, which are a consequence of the superposition of the electromagnetic

fields instead of the intensities in the case of incoherent illumination. At this point, it

should be mentioned that the presented MTFs represent the transfer functions for an

ideal diffraction limited optical system. In reality, influences of aberration, detector noise,

polarization and a non-uniform pupil function affect the transfer function [40, 43–47].

The lateral optical resolution is defined by

δx,y = κ
λ

NA
, (2.80)

where the various definitions for optical resolution (see Fig. 2.12 and Fig. 2.13) are con-

sidered by different values of the multiplication factor κ. Here, the single-point resolution

limit of a conventional microscope is defined by the FWHM of the intensity PSF, which

leads to the value κ = 0.51. However, in case of a full-field instrument the lateral optical

resolution is given by the two-point resolution, where the interaction of two adjacent PSFs

is investigated for different distances δx,y between them. An overview of several criteria

for two-point resolution is presented in Tab. 2.1. One of the most used optical resolution

−15 −10 −5 0 5 10 15
0.0

0.5

1.0

1.5

Distance (krNA)

In
te
n
si
ty

(a
.u
.)

a)

κ = 0.61

−15 −10 −5 0 5 10 15
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Distance (krNA)

In
te
n
si
ty

(a
.u
.)

b)

κ = 0.82

−15 −10 −5 0 5 10 15
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Distance (krNA)

In
te
n
si
ty

(a
.u
.)

c)

κ = 1.22

−15 −10 −5 0 5 10 15
0.0

0.5

1.0

1.5

2.0

2.5

Distance (krNA)

In
te
n
si
ty

(a
.u
.)

Coherent
Incoherent
PSF 1
PSF 2

d)

κ = 0.47

Figure 2.13: Superposition of two adjacent PSFs for various resolution criteria: a)
Rayleigh (incoherent), b) Rayleigh (coherent), c) total and d) Sparrow (inco-
herent) resolution, according to Eq. 2.80. In all cases, a comparison between
coherent and incoherent superposition is depicted.
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limits is the Rayleigh criterion, which is specified by the distance between two adjacent

PSFs so that the maximum of one PSF is laterally placed at the minimum of the other

PSF and vice versa. This is schematically demonstrated in Fig. 2.13a for incoherent and

in Fig. 2.13b for coherent superposition. Regarding Fig. 2.11 the first minimum of the

Table 2.1: Multiplication factor κ of the respective lateral optical resolution criterion ac-
cording to Eq. 2.80 for various coherent and incoherent criteria [8, 48, 49].

Definition Sparrow Abbe Rayleigh Total

Coherent κ 0.73 1 0.82 1.22

Incoherent κ 0.47 0.5 0.61 1.22

intensity response is located at krNA = 3.832, which leads to κ = 0.61. In case of the

amplitude response the first minimum matches with the maximum of the first sidelobe

of the intensity response at krNA = 5.136 and thus, κ is 0.82. Two laterally consecutive

points are deemed to be totally resolved when the distance between them is twice the

separation according to the Rayleigh criterion, which leads to κ = 1.22. This is applied

for the coherent and incoherent case, respectively, as presented by a schematic illustration
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Figure 2.14: Intensity responses of two incoherently superposed adjacent PSFs (blue and
green dashed lines) with changed amplitudes of PSF1 to the corresponding
column for the Rayleigh (upper row), the Abbe (mid row) and the Sparrow
(bottom row) criterion.
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in Fig. 2.13c. A further resolution limit is shown in Fig. 2.13d. It refers to the Sparrow

criterion, which describes the distance of two points where no modulation is observed

between them. This limitation is reached when κ is equal to 0.47 in Eq. 2.80. Note that

the fluctuations of the maximum intensity between the shown criteria are much higher for

the coherent case than for the incoherent.

The criteria above are defined for two adjacent PSFs with the same amplitude or

intensity. However, if the intensity related to the two PSFs is different, the ability to

distinguish them becomes more difficult. Figure 2.14 shows various intensity responses

of two interactive PSFs comprising different intensities, depicted for the Rayleigh (upper

row), the Abbe (mid row) and the Sparrow (bottom row) criterion. Here, the amplitude

of PSF1 is changed before calculating the intensity. Further, the results are only shown

for the incoherent case, but the same behavior can be seen in the coherent case. The

comparison shows that the two adjacent PSFs are much more difficult to distinguish for

the Abbe and Sparrow criteria than for the Rayleigh criterion. Therefore, the Rayleigh

criterion appears to be more suitable to distinguish two laterally consecutive points in

practice.
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3 Multisensor measuring system

Due to continuous increasing requirements in the manufacturing of surface struc-

tures in the micro- and nanometer range the demands in quality control and therefore, in

measuring instruments also increase. Beside deterministic microstructures these surfaces

comprise roughness, waviness and form with different specifications [50, 51]. In order to

cover a wide range of possible information of the surface the measurement results of var-

ious topography sensors with different operation regimes can be combined and displayed

by appropriate diagrams, i.e. as wavelength depended amplitudes in so-called Stedman di-

agrams [52, 53] or as power spectral density (PSD) presentation [54–56]. Further, the data

fusion of measurement results generated by various topography sensors [57–61] at the same

position of the surface under investigation combines benefits of each sensor and reduces

systematic measurement deviations. An example is the characterization of metal additive

surface features by combination of measurement results obtained by various measurement

techniques such as confocal microscopy, coherence scanning interferometry, focus variation

microscopy and x-ray computer tomography [62]. In general, multisensory acquisition of

technical surfaces using a coordinate measuring machine (CMM) gains in importance.

Concepts of multisensor measuring strategies to cover various metrological requirements

by using different topography sensors are described in several studies [63–65]. With the

main purpose to combine surface information resulting by various topography sensors and

to expand the measuring area a CMM based multisensor setup is presented by Wecken-

mann [64]. The topography sensors are horizontally arranged on a portal. To perform

measurements at the equal position of the measured object, each sensor is reached by

using a horizontal positioning linear stage. A combination of several topography sensors

in a multisensor setup implemented in a closed housing to achieve a defined environment

is presented by Fries Research & Technology GmbH [66]. Manske et al. [67, 68] report

a multisensor arrangement in a nanopositioning and nanomeasuring machine (NPMM)

with a measuring volume up to 200mm× 200mm× 25mm. Six laser interferometers are

applied in the NPMM to determine the position of the object under investigation in all

three spatial dimensions and additionally to determine its tilt. The unavoidable tilting

angles are measured and subsequently adjusted using electromechanical actuators. Be-

cause deviations caused by Abbe errors are corrected in three dimensions, this approach

is called extended 3D-Abbe comparator principle. Based on this principle a spatial posi-

tioning with an accuracy in the sub-nanometer range is achieved. Several self-assembled

sensors are mounted on a microscope revolver to achieve height measurements of the same

position on the surface to be measured by different measurement principles.

In this thesis, a multisensor measuring system [14] is developed within the scope

of a major instrumentation project founded by the DFG. This CMM based measuring

system enables comparative measurements of several full-field and point-wise measuring
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height sensors in a single arrangement under the same environmental conditions. The

main target is to investigate the transfer behavior of self-assembled sensors by comparing

their measurement results obtained from different surface structures with those obtained

by commercial reference sensors. In the following, the multisensor setup and the used

vibration compensation are presented. Finally, the suitability of the xy axes as scan axes

is discussed.

3.1 Multisensor setup

The multisensor measuring system is a CMM comprising several topography sensors,

which are horizontally arranged on an L-shaped granite portal as displayed in Fig. 3.1.

Each topography sensor is mounted by a vertically aligned linear stage to the portal.

These motor driven axes enable a vertical positioning of the respective topography sensor

in a range of 100mm. Furthermore, two horizontally aligned air bearing xy linear axes

move the object to be measured into the measuring volume of each sensor. In the basic

configuration, an atomic force microscope (AFM) (see Sec. 4.2.3), a scanning confocal mi-

croscope (see Sec. 6.5) and a tactile stylus instrument (see Sec. 4.1.3) are used as reference

sensors to perform comparative measurements and to investigate the transfer behavior of

a self-assembled Mirau based coherence scanning interferometer (see Sec. 5.6) and a high-

speed laser interferometric distance sensor (see Sec. 7.3.1). Other sensor configurations

are also possible by replacing a single sensor by another. The object to be measured

is placed on a measurement table, which in turn is mounted onto a tower comprising

multiple adjustment components. Several tower configurations exist that enable different

specific investigations. The simplest tower configuration comprises only the tilt and rota-

Figure 3.1: Schematic representation of the multisensor measuring setup with five topog-
raphy sensors horizontally arranged on an L-shaped granite portal.
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tion stage TTR001/M from Thorlabs Inc. [69] to align the orientation of the specimen. In

another tower configuration, the goniometer 7G174-30 from Standa Ltd. [70] is placed on

the aligned tilt and rotation stage to tilt the specimen by a defined angle. In addition, the

vertical stage 7V40-13 from Standa Ltd. [71] is placed between goniometer and specimen,

which allows the positioning of the rotation axis on the surface to be examined. However,

with increasing number of components for the tower the vertical measurement volume

of the multisensor measuring system decreases. The corresponding tower is placed onto

the combination of two horizontal positioning stages aligned orthogonally to each other.

While the stage ABL2000 from Aerotech Inc. [72] used to move the object in x-direction

has a travel range of 750mm, the y stage ABL1000 from Aerotech Inc. [73] is limited to a

maximum travel range of 100mm. Based on the spatial location of the used topography

sensors and the travel ranges of the xy stages a maximum measurement field of 150mm

in x and 100mm in y-direction occurs, which can be reached by all topography sensors

for comparative measurements. For the alignment of the single sensor orientation the

multi-axes tilt platform 6TP116 from Standa Ltd. [74] is mounted between sensor and the

corresponding vertical positioning stage. This enables an alignment between the sensor

orientations, where the orientation of the confocal microscope serves as a reference.

The CMM can be used for comparative measurement using several topography sensors

simply by repositioning of the surface under investigation. However, accurate positioning

of the specimen is limited by the repeatability of the used stages. In case of the x axis

the repeatability by ±0.4 �m and ±50 nm for the y axis specified by the manufacturer. A

further deviation of the lateral position to be approached on the measuring field is to be

expected due to the vertically aligned axes for positioning the topography sensors. This is

due to the fact that the carriage to be moved of the corresponding vertical positioning axis

undergoes tilting in all three spatial directions during the movement, which are specified

by the designations yaw, pitch and roll. While yaw describes the rotation of the carriage

around the geometrical y axis and pitch that around the x axis, roll corresponds to the

rotation around the z axis. This means that a changed rotation of the axis carriage results

in a changed lateral position of the measurement field yielded by the corresponding to-

pography sensor. The maximum yaw of the linear stage LS-110 from PImiCos GmbH [75]

used for the vertical positioning of the coherence scanning interferometer (see Fig. 3.1)

is ±40 �rad and the maximum pitch corresponds to ±60 �rad according to the specifica-
tions of the manufacturer. In contrast, the linear stage PMT160-100-SM from Steinmeyer

Mechatronik GmbH used for the vertical positioning of the confocal microscope has a

yaw of ±15 �rad and a pitch of ±30 �rad. For the vertical positioning of the atomic force
microscope, the tactile stylus instrument and the interferometric confocal distance sensor,

the linear stage MPS75SL from Aerotech Inc. [76] is used, respectively.

The multisensor measuring system is operated by a self-programmed software, which

is based on the C++ programming language and created using the QT programming

environment. In addition, self-programmed measurement and evaluation programs can be

added to the programmed multisensor-software environment, so that the self-assembled

measurement sensors can be operated in one software. For the positioning of the linear

stages integrated in the multisensor setup a joystick can be used. Except for the SCM

mounted on the PMT160 linear stage, the other sensors can be used by the alternate
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vertically oriented stages without high effort.

3.2 Vibration compensation

In addition to humidity and ambient temperature, mechanical vibrations are the most

serious disturbance sources in surface metrology. Note that the entire measurements of the

following sections are performed by the sensors integrated into the multisensor measuring

system located in a room on the third floor of a building. Therefore, these measurements

would suffer from building vibrations. In addition, there is a main street in front of

the building where electric trams also run at regular intervals, thus causing additional

disturbing vibrations. In order to minimize the influence of these disturbing vibrations

to the measurements to be performed, multiple vibration compensation approaches are

applied. Making use of the mass inertia, the natural frequency of the entire system is

shifted into the low-frequency range (<10Hz). Due to its high tare weight and even

surfaces, granite is ideally suited as a material for the measuring portal. In addition,

the L-shaped granite portal is located onto a 1200mm× 800mm× 100mm granite base

plate, as shown by a photograph of the multisensor measuring system in Fig. 3.2. This

base plate is placed onto a two-part active vibration damping, where the vibrations of

low-frequency are detected by piezoelectric sensors and compensated by plungers which

counteract the vertical deflections of the mechanical disturbance vibrations. The steel

frame stands on a 20mm thick steel plate embedded in a separate basis, which decouples

the measuring system from the environment. In the presented configuration, the greatest

Active vibration damping

Steel plate

Figure 3.2: Photograph of the multisensor measuring system including active vibration
damping and steel plate to minimize the influence of environmental vibrations.
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risk of vibrations being transmitted to the sensors come from their connecting cables. In

order to reduce the load on the measuring instrument caused by the cables, these are

guided to the respective measuring sensor via drag chains.

3.3 Vibrations caused by lateral scan axes

Besides the lateral positioning of the specimen, the xy axes are also used as scan

axes for point-wise measuring sensors such as the ICDS introduced in Ch. 7. In order

to investigate the suitability of the xy axes as scan axes, multiple measurements are

performed on an aluminum mirror using the ICDS and several lateral scan velocities.

The resulting profiles are depicted in Fig. 3.3. Although a lower vertical vibration can

be expected with air-bearing axes compared to mechanically bearing axes, systematic

Figure 3.3: Profiles of an aluminum mirror measured by an ICDS using the x and y axes
for lateral scanning with several scan velocities vs. σ represents the standard
deviation of the corresponding profile.
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disturbances can also be observed in the measurements. The standard deviations of the

measured profiles with a lateral scan velocity of 1mm/s in x and y-direction are in order

of the standard deviation obtained at the identical point on the aluminum mirror (see

Sec. 8.1.2). However, the height values measured using the y axis for scanning show

slightly higher deflections, which are caused by a superimposed low-frequency oscillation.

For higher scan velocities such as 5mm/s and 10mm/s the systematic deviations for

the x axis increase significantly. Both profiles comprise oscillations with amplitudes of

approx. 10 nm. According to Fig. 3.4 it can be estimated that the profile obtained at vs =

5mm/s is composed of a superposition of oscillations with most pronounced frequencies

at approx. 250Hz, 500Hz and 750Hz. The profile obtained at vs = 10mm/s shows an

oscillation with a frequency of approx. 500Hz. In contrast, the profiles obtained at the

same scan velocities using the y axis for scanning show oscillations of approximately

the same frequencies but significantly lower amplitudes. For higher scan velocities such as

20mm/s and 50mm/s, the profiles are in the same order as those obtained for a lateral scan

velocity of 1mm/s, for both, x and y scan axes (see Fig. 3.3). A lower number of height

values and a low-pass filtering effect as a result of higher scan velocities make the height

values of the profiles measured with the higher scanning speeds appear lower. A similar

result can be observed for the profiles obtained at a scan velocity of 75mm/s. However,

the profile measured using the x axis is superimposed by an additional low-frequency

oscillation. This might be a result of the acceleration of the axis, since the lateral scan

range was limited to 15mm. While such a transient behavior is mainly observed at the

edges of the measured profiles in other measurement results, it could be observed over the

entire measured length in this profile. The most pronounced oscillations observed in the

measured profiles with amplitudes higher one nanometer are limited by 750Hz. Due to a

suitable sampling frequency of 40 kHz, oscillations at higher frequencies are not expected.

Hence, low scan velocities such as 1mm/s or higher velocities of 20mm/s and higher are

preferred for precise measurements.

Figure 3.4: Fourier transform h̃ of the profiles obtained by x axis scan depicted in Fig. 3.3.
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4 Stylus instruments

In this chapter, tactile topography sensors, which are used as reference for investi-

gating the transfer behavior of several optical topography sensors are presented. For this

purpose, a tactile stylus instrument and an atomic force microscope (AFM) are used. Due

to a good knowledge of their transfer behavior as well as a high lateral and axial reso-

lution, these sensors are frequently used for the characterization of optical topography

sensors by comparing the measurement results [77–79].

4.1 Tactile stylus instrument

The tactile stylus measuring method is a well-established technique for the determina-

tion of surface roughness and structures in science and industry. Almost all guidelines and

standards in surface metrology are referred to this measuring method [80]. Therefore, a

stylus instrument is i.a. suitable as a reference measuring instrument for investigating the

applicability of guidelines and standards to optical topography sensors. In the following,

the working principle is discussed and the profilometer used in the multisensor measuring

system is presented.

4.1.1 Working principle

The usual operation field of a tactile stylus instrument is the measurement of sur-

face roughness and the determination of the roughness parameters. In order to ensure a

measurement procedure with high repeatability, the measuring circuit of a tactile stylus

instrument is specified in DIN EN ISO 3274 [81]. Figure 4.1 shows a schematic rep-

resentation of a tactile stylus instrument. The object under investigation is positioned

by a measurement table into the volume of the used tactile stylus instrument. In order

to detect a change in height, the stylus tip of the sensor is brought into contact with

the surface to be inspected. A change in height on the surface to be measured causes

a corresponding vertical deflection of the stylus tip. This deflection is transmitted to a

mechanical-electrical transducer, e.g. an inductive system where the mechanical deflection

is converted into a representative electrical signal. The resulting electrical signal is am-

plified and then digitized using an analog-digital converter (ADC). Finally, the digitized

signal is processed to determine roughness parameters. According to DIN EN ISO 3274

[81], three tip radii 2 �m, 5 �m and 10 �m are accepted, while the cone angles of the stylus

tip are specified by 60 ◦ and 90 ◦. In addition, a static measuring force of 0.75mN must

be ensured for the center position of the stylus tip to minimize the mechanical influence

of the stylus tip on the surface to be measured. In case of form measurements, ruby balls

with a diameter in the millimeter range are often used as stylus tip. The tactile stylus
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Drive unit

Pillar

Base plate

Specimen

Stylus tip

Measurement table
ADC

Signal-
processing

Figure 4.1: Schematic illustration of a tactile stylus instrument arrangement.

method is a point-wise measuring method. Therefore, a lateral movement of the stylus

tip in relation to the surface under investigation is necessary to measure a profile of the

surface topography. For this purpose, a tactile stylus instrument comprises usually a drive

unit, which performs a precise lateral motion of the stylus. The stylus consists of a stylus

tip, a mechanical-electrical transducer and an element to transfer the mechanical deflec-

tion of the stylus tip to the mechanical-electrical transducer [81]. Various approaches

exist for converting the mechanical deflection of the stylus tip into an usable electrical

signal. Inductive displacement measuring systems based on differential chokes or differen-

tial transformer are frequently used [82]. However, optical measuring methods based on

laser interferometry are also used [83]. The amplified electrical signal is digitized by an

ADC whose resolution limits the vertical resolution of the determined height values. If the

vertical measuring range is increased, the resolution is reduced. This makes it necessary

to find an appropriate compromise.

For guiding the stylus arm one usually divides between skid and reference surface styli.

Besides a stylus tip a skid is mounted on the stylus arm and thus gets in contact with the

surface under investigation. Since the geometrical width of the skid is significantly higher

compared to that of the stylus tip, only low spatial frequency parts of the surface structure

are detected by the skid. Therefore, a vertical deflection of the skid occurs for waviness

and form deviation. On the other hand, with the stylus tip it is possible to detect higher

spatial frequency components in addition. Since only the relative deviations between

skid and probe tip are determined, waviness and form deviations are subtracted from the

measured profile. For this reason, only the roughness contribution remains in the signal.

An advantage of using a stylus with skid is given by less sensitivity against environmental

vibrations [82]. In the case of a stylus with reference surface, a flat surface is used as

a reference, which is usually housed in the drive unit. In common designs, the precise

bearing of the stylus arm is used as a reference [82]. The advantage of this approach is

that the resulting tactile stylus instrument is also suitable for contour measurements.
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4.1.2 Deviations caused by the stylus tip

The lateral resolution is determined by the sampling interval and the geometry of the

stylus tip. In case of a sinusoidal surface structure, the smallest fully detectable period

length Λ can be expressed by

Λ = 2π
√
ẑrtip, (4.1)

where ẑ represents the amplitude of the sinusoidal structure and rtip the radius of the stylus

tip. The influence of the stylus tip on the determined surface structure and the resulting

roughness characteristics are investigated in several studies [80, 84–88]. An example for a

restored profile obtained by a spherical stylus tip is provided by the schematic illustration

in Fig. 4.2. The black line represents a real profile of the surface structure, whereas the

measured profile is given by the red line. The circles represent the stylus tip at different

lateral positions. As displayed, the profile to be measured is divided into four sections

S1 -S4 of different structures. In section S1 a triangular groove occurs. As shown in the

figure, the stylus tip cannot penetrate into the lowest height due to the geometry of the

stylus tip, resulting in a measured groove of lower height difference than the real structure.

While a peak is measured in section S1, the upper peak in section S2 is rounded in the

measured profile. This rounding is a result of the spherical end-face of the stylus tip and

can also be observed for all upper peaks, as shown at the edges in the sections S1 and S3.

Note that the radius of the rounding depends on the radius of the used spherical stylus

tip. However, the height difference between the upper peak and the valley is correctly

determined in section S2. In addition, as long as the stylus tip is in contact with the

surface under investigation at any points the measured deviations can be corrected using

a morphological filter [85, 89]. Besides the rounding caused by the spherical surface of the

stylus tip, the measured profile of the rectangular structure in section S3 is also affected by

the additional conical shape of the stylus tip, leading to flattened slopes at the edges. The

angles of these slopes depend on the cone angle of the used stylus tip. If the lateral width

is high enough and the height of the rectangular structure is low enough that the stylus tip

can reaches the bottom plateau, the height difference between upper and lower plateaus are

correctly determined. In case of the sinusoidal groove in section S4 with a period length Λ

which does not solve Eq. 4.1, the stylus tip does not enter the structure to the bottom and

thus, the measured height difference between upper plateau and the lowest point in this

section deviate from the height of the real structure. Despite different courses of the real

structures, the measured profile of section S4 shows a similar course compared to section

S1

S2

S3

S4

Stylus tip

Figure 4.2: Recovered profile (red line) of a certain surface structure (black line) com-
prising four special sections S1 -S4 using a tactile stylus instrument with a
spherical tip.
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S1. Furthermore, the stylus tip may affect the surface structure mechanically, especially

for surfaces of soft materials. Other measurement deviations may result from the fact that

the measuring tip can lift off vertically from the corresponding surface structures due to

excessive lateral scanning speeds. This is a reason why the lateral scanning velocities of

tactile stylus instruments are usually limited to approx. 1mm/s. However, there are still

efforts to increase the lateral scan velocity, e.g. in case of roughness measurements using

a micro probe with a lateral scan velocity of 15mm/s as reported by Döring et al. [90].

4.1.3 Measuring setup used in the multisensor measuring system

In this thesis, the tactile stylus instrument with the drive unit MarSurf GD26 from

Mahr GmbH [91] is used as a reference sensor in the multisensor measuring setup. Figure

4.3 presents a photograph of this instrument. The stylus tip is mounted by a magnetic

connection. The maximal lateral scan range results in 26mm. A scan velocity between

0.1mm/s and 1mm/s is available. In addition to a vertical positioning of the measuring

instrument by a linear stage over a distance of 100mm the stylus tip can be positioned

vertically over a distance of 7.5mm by an integrated motion system. This tactile stylus

instrument has a flat reference surface inside the drive unit, where the inclination of the

reference surface can be adjusted via an adjusting wheel on the housing within an angular

range of ±1.5 �. Due to the reference plane, contour measurements can be performed with

the tactile stylus instrument as well as roughness and waviness measurements.

The vertical deflection of the stylus tip leads to a corresponding voltage provided by

the integrated mechanical-electrical transducer. This voltage is limited to two different

maximum values, leading to the vertical measurement ranges of 0.05mm and 0.5mm.

Since the resolution of the used ADC is identical for both ranges, the vertical resolution

of 0.76 nm for a measurement range of 0.05mm increases to 7.6 nm for a measurement

range of 0.5mm. In order to determine the measurement uncertainties of the tactile stylus

instrument, a profile measurement on a flat glass substrate is performed according to DIN

EN ISO 3274 [81] and VDI/VDE 2620 part 1. The vertical measurement accuracy is

specified by a residual value Rz0 by the manufacturer. Table 4.1 shows the determined

residual values related to three different scanning velocities. Note that Λc represents the

spatial cutoff wavelength used for roughness measurements and Λs is the lower spatial

Drive unit
Stylus tip

Adjusting wheel for reference plane

Figure 4.3: Photograph of the tactile stylus instrument MarSurf GD26 from Mahr GmbH.
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Table 4.1: Scanning velocities with related Rz0 residual values with Λc = 0.25mm and
Λc/Λs = 100 according to [81].

Rz0 (nm) ≤ 30 ≤ 50 ≤ 80

vs (mm/s) 0.1 0.5 1.0

cutoff wavelength, whose relation to the used stylus tip radius rtip is specified in DIN EN

ISO 3274 [81]. The error of indication of straightness measurements MPEG determined

on a non-tilted glass surface according to VDI/VDE 2620 part 1 corresponds to 80 nm for

a measured profile of 5.6mm length and 350 nm for the maximum length of 26mm. In

order to avoid additional measurement deviations caused by vibrations of the xy linear

stages with air bearing, the air bearing can be deactivated during the measurement.

Since a measurement of the surface topography requires a sequence of several laterally

shifted single profiles, which in turn requires the use of the xy linear axes in this setup, a

measurement of surface topography is not possible without active air bearing.

4.2 Atomic force microscope

An AFM represents a method with outstanding axial and lateral resolution, which

can reach down to the atomic scale [92]. Since AFM is sensitive to small changes in force

caused by e.g. molecular or atomic interactions between the probe tip and the surface

under investigation, there is a wide range of applications in different fields of science and

industry such as biology, chemistry, material science and nanotechnology. Examples are

the sampling of biological cells [93, 94], the measurement of chemical composition and

thermal conductivity [95], the chemical identification [96–98], the investigation of surface

properties of asphalt binder [99] and the investigation of the nanostructure of materials

such as glass [100]. In this thesis AFM is only used for surface topography measurements

of technical structures. AFM was first introduced by Binnig, Quate and Gerber [92] as

an advancement of the scanning tunneling microscope (STM) where the measured surface

topography is quantized by the tunnel current, which changes with the distance between

surface and probe tip [101–103]. However, this measuring method requires a conductive

surface of the object under investigation, which can be achieved by coating the surface

with a thin metallic film for non-conductive surfaces, whereas in case of an AFM such

modifications are usually not necessary.

In the following sections, the working principle of an AFM and related measurement

deviations are discussed. A more detailed description of the working principle and the

components of an AFM are provided by [104, 105]. Finally, the AFM used in the multi-

sensor measuring system is presented.

4.2.1 Working principle

An AFM measures the deflection of the used cantilever caused by the interaction

between probe tip and surface under investigation. This can be achieved by an optical

lever sensor similar to the principle of an autocollimator, as shown in Fig. 4.4. Assuming
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a bendable cantilever with a reflective surface on its backside, an incident laser beam is

reflected at this surface onto an optical sensitive detector. If the deflection of the cantilever

changes, the position of the laser spot on the detector also changes, what can be quantified

by a four-quadrant photodiode as a detector. Besides the introduced optical lever sensor

further methods to detect the deflection of the cantilever are existing. In case of the first

reported AFM [92] an STM is used to detect the cantilever deflection. Another possibility

to measure the cantilever deflection is given by a piezoelectric film on the cantilever [106–

108], where a vertical deflection of the cantilever results in an elongation or compression

of the piezoelectric film. There are also interferometric approaches for the measurement

of the cantilever deflection as reported in [109–111]. An overview of used techniques to

detect the deflection of the cantilever is provided by Alunda and Lee [112]. Due to its

comparative ease of implementation and alignment, low procurement costs, ability to use

a variety of different cantilevers and a deflection sensitivity down to the sub-nanometer

range, the optical lever sensor is the most commonly used deflection sensor in commercially

available AFMs [112].

Laser

Cantilever

Detector

Tip

Chip

Specimen

Figure 4.4: Schematic illustration of the measurement arrangement in an AFM using an
optical lever sensor.

Vertical positioning of the probe tip onto the surface to be measured can be realized

by mounting the cantilever on a vertical stage. The used probe tip is significantly lower

in its mass and geometrical dimension compared to the tactile stylus instrument. This

enables the measurement of small forces caused by atomic interaction. Besides attractive

forces such as capillary and Van-der-Waals forces for long distances between probe tip and

surface under investigation, there are repulsive forces at short distances such as quantum

mechanical rejections according to the Pauli principle [105]. A frequently used approach

to describe the superposition of these forces analytically is given by the Lennard-Jones

potential [105]

ULJ(r) = 4U0

[(
R0

r

)12

−
(
R0

r

)6
]
, (4.2)

where r is the distance between the interacting atoms, R0 is the distance at the zero point

of ULJ and U0 is the depth of the potential well at 2
1/6R0 ≈ 1.12R0. In this relation, the

attractive part is represented by the −1/r6 term and the repulsive part by the 1/r12 term.

A course of the resulting force

F (r) = −∂ULJ(r)

∂r
(4.3)
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is graphically illustrated in Fig. 4.5. Compared to the force of almost 1mN used in the

tactile stylus instrument the forces used in the AFM are in the nanonewton range and

thus much lower. Therefore, the probability for a mechanical influence of the surface

structure on the probe tip is lower compared to the tactile stylus instrument.

In order to determine the height values of the surface to be measured several operation

modes are existing, which can be divided into contact and oscillation modes. In case of

the contact mode the probe tip is in contact with the surface of the specimen. Hence,

this mode operates in the repulsive regime (F > 0), as visualized by the red marked op-

eration section in Fig. 4.5. Consequently, a force must be applied to the cantilever which

counteracts the repulsive force. The feedback system of the AFM regulates the cantilever

deflection to a certain point (set-point), which is an important control parameter [104].

As the tactile stylus instrument the AFM is a point-wise measuring sensor. For this rea-

son, a lateral scanning in x and y-direction, where either the specimen or the cantilever

is moved, is necessary to obtain a surface topography. Assuming an optical lever sensor

as mentioned before, a vertical bending of the cantilever results in a vertical shift of the

laser spot on the four-quadrant photodiode, whereas in case of a lateral bending (torsion)

caused by friction of the probe tip the laser spot changes in horizontal direction on the

photodiode.

The oscillation mode also known as dynamic mode refers to a collection of operation

modes where the cantilever oscillates at frequencies close to resonance. For this purpose,

the cantilever chip is mounted on a piezoshaker leading to usual oscillation frequencies up

to 105Hz [104]. As a result of the tip-sample interaction the resonance frequency of the

cantilever changes. This is used to determine the height values of the surface structure

to be measured. Such a shift in resonance frequency can be directly measured by the

frequency modulation mode, where the cantilever oscillates at resonance [105]. Another
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Figure 4.5: Force diagram resulting from the Lennard-Jones potential as a model to de-
scribe the tip-sample interaction analytically. The red, violet and green sec-
tions represent possible regimes for the corresponding operation modes ori-
ented on [104, 105].
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possibility is provided by the amplitude modulation mode, where the driving frequency of

the cantilever is fixed. A previously mentioned change of the resonance frequency caused

by a changed distance between surface height and probe tip leads to a changing amplitude

of the oscillation. The sinusoidal deflection can be detected by the optical lever sensor and

due to the known oscillation frequency, the lock-in technique can be applied to determine

the amplitude of the oscillation in the frequency domain. The lock-in method is a single-

frequency Fourier transform, which is described in more detail in Sec. 5.5 and Sec. 7.2.

Besides there is no contact with the surface under investigation, a further benefit is given

by an increased signal-to-noise ratio using the lock-in technique. Compared to a low

oscillation amplitude used in the non-contact mode (violet section in Fig. 4.5), the used

oscillation amplitude for the intermittent contact mode also known as tapping mode is

significantly higher, visualized by the green section in Fig. 4.5. While the operation regime

of the non-contact mode is limited to the attractive regime, the intermittent contact mode

operates in the attractive and the repulsive regimes. As a consequence of reaching the

repulsive regime by the intermittent contact oscillation, the probe tip is tapping onto the

surface under investigation. This is an advantage regarding to thin contamination layers

on the surface of the specimen, where the probe tip penetrates through the contamination

layer and hits the surface to be measured. In contrast, the probe tip does not pass this

layer in case of the non-contact mode. However, the probe tip might hit the contamination

layer (e.g. water), influencing the tip-sample interaction by capillary forces.

4.2.2 Measurement deviations of an AFM

Basically, the probe tip related measurement deviations listed for the tactile stylus

instrument in Sec. 4.1.2 also apply to the AFM, especially for the contact mode. How-

ever, the tip radii and their opening angles are usually much lower compared to those

of a tactile stylus instrument. Therefore, fine structures are measured more precisely by

an AFM using a sharper probe tip. This is for example demonstrated by comparing the

measurement deviations obtained at cylindrical protrusions using different probe tips in

[113]. Due to the lower force applied to the surface under investigation, the possibility

to affect the surface structure mechanically is significantly lower compared to the tac-

tile stylus instrument. However, contaminants such as dust are an obstacle to accurate

measurement, because the structure of the contamination might be measured instead the

structure of the surface to be measured. In addition, contamination can adhere to the

probe tip, which noticeably affects the measurement behavior. In contrast, impurities

such as dust are usually pushed aside by the probe tip in tactile stylus methods. Fig-

ure 4.6 shows an example of an AFM measurement result where the measured profile

exhibits overshoots at the edges. These overshoots may be caused by a hysteresis of the

piezoelectric element used for moving the cantilever vertically and usually occur at steep

edges [104]. Such overshoots are observed also in Sec. 8.4 where a rectangular grating is

measured by an AFM using the dynamic mode with amplitude modulation to determine

the height values. Another typical artifact is s bow overlapping the surface structure in

the measured profile. This deviation results by a slightly curved motion of the scanner

used in the AFM. Further deviations occur by scanner creep, noise, thermal drifts and

the image processing. More detailed investigations of measurement deviations of an AFM
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Scanning direction
Probe tip

Figure 4.6: Schematic illustration of edge overshoots oriented on [104]. The structure of
the surface to be measured is depicted on the left-hand side and the measured
profile including overshoots at the edges is shown on the right hand side.

are reported in [104, 105, 114, 115].

4.2.3 AFM setup used in the multisensor measuring system

In the multisensor measuring system, the Nanite AFM from Nanosurf AG is used as a

reference sensor. A photograph of this compact topography sensor is depicted in Fig. 4.7,

where the mounted cantilever is shown by a section of the bottom view (see Fig. 4.7b). A

vertical orientated stepper-motor-driven linear axis enables a vertical positioning of the

entire AFM of approx. 100mm. In addition, the scan head of the AFM has a vertical

approach range of 4.5mm. The lateral scan of the cantilever in x and y-direction is per-

formed via three internally installed electric coils. Hence, a maximum diamond shaped

measuring field of 110 �m× 110 �m and a maximum square field of 79�m× 79 �m oc-

curs. Furthermore, a maximum vertical cantilever deflection of 22 �m is enabled by the

coils. The AFM can perform the contact mode also called static mode and the dynamic

mode with amplitude modulation for determining the height values of the surface to be

measured. According to the manufacturer‘s specifications [116], the vertical measurement

noise level is specified by a root-mean-square value of typically 350 pm (max. 500 pm) us-

ing the contact mode and 90 pm (max. 150 pm) for the more precise dynamic mode. Two

cameras are integrated in the AFM for optical monitoring of the alignment and probing

of the tip to the surface under investigation.

In order to demonstrate the suitability of the AFM as a reference sensor, multiple

Specimen
Cantilever

Scan
head

Cantilever 1.6mm

a) b)

Figure 4.7: Nanite AFM, a) front view and b) section of the bottom view.
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measurements on rectangular gratings of a nanoscale resolution standard [117] manufac-

tured by Supracon AG are performed. For demonstration two gratings of 300 nm and

160 nm period lengths are used. For these measurements, the probe tip EBD-HAR from

Nanotools GmbH [118] with an opening angle below 8◦ is used. The measurement results
are depicted in Fig. 4.8. As shown by the profiles, the gratings are well-resolved laterally.

The peak-to-valley (PV) amplitude of the structure with 160 nm period length with ap-

prox. 40 nm is lower compared to the 90 nm PV-amplitude of the structure with 300 nm

period length. However, the real amplitudes of these gratings are not exactly known.

While a period length of 300 nm corresponds approximately to the resolution limit of op-

tical sensors with high NA used in this thesis, the 160 nm period length is significantly

below this resolution limit. Consequently, the AFM is a suitable topography sensor for

reference to measurements obtained by the optical sensors used in this thesis. A further

example is demonstrated in [119], where the trapezoidal grooves of a blank BluRay disc are

well resolved using the AFM. Note that the AFM is not directly traceable to the SI unit

meter e.g. by a laser interferometer as in [120, 121], but calibrated by the manufacturer.
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Figure 4.8: Rectangular gratings of a nanoscale resolution standard from Supracon with
a) 300 nm and c) 160 nm period length as well as corresponding extracted
profiles in b) and d), respectively.
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5 Coherence scanning Mirau

interferometer

A coherence scanning interferometer (CSI) also known as white-light interferometer

(WLI) is an optical instrument for the inspection of surface topographies with structure

heights in range of micro- and nanometers. CSI instruments use a temporally short

coherent light source to enable an unambiguous detection of height values. Furthermore,

due to the combination of the short coherent measuring principle with a digital microscope,

an optical full-field measurement is achieved, which enables the inspection of small areas as

well as the detection of millions of height values in parallel in the axial direction. Besides

the transverse magnification due to the microscopic setup, the interferometric evaluation

provides a precise determination of height values with a standard deviation (measurement

noise) <1 nm [122–124]. Compared to other measurement methods such as scanning

confocal microscopy (SCM) the measurement noise inherent in CSI measurements depends

not directly on the NA of the microscopic setup [9], which is a further advantage of CSI.

Usual setups for CSI are Mirau-, Michelson-, and Linnik interferometer arrangements.

Figure 5.1 depicts these three different configurations. The main difference between them

is the position of the reference mirror marked by a red solid line. In case of the Mirau

based CSI (see Fig. 5.1a) the reference mirror is placed inside a microscope objective

and aligned normal to the optical axis. Reference and measurement waves are gener-

ated by a beam splitter plate also inside the Mirau objective. This arrangement enables

a compact full-field interferometer with an NA usually up to 0.7. Patented in 1952 by

A. H. Mirau [125], the Mirau interferometer is the most frequently applied configuration

compared to the Michelson- and Linnik setup, due to sufficient NA and magnification for

most applications in industry and research as well as a simple handling, low dispersion

and less sensitivity to vibration due to short interferometer arms. As shown in Fig. 5.1b,

the Michelson setup comprises a beam splitter cube between microscope objective and

specimen, in order to create the reference and measurement arm. Therefore, the working

distance of the objective is reduced and thus the NA is limited by approx. 0.3 as shown

by an overview in [126]. Furthermore, if the optical system is not designed to consider

the beam splitter, optical aberrations may occur. The Linnik interferometer setup de-

picted in Fig. 5.1c provides the best lateral optical resolution due to the fact that the

working distance is not limited and the whole NA of the microscope objective is usable.

However, this arrangement requires two objectives. Deviations between these objectives

and misalignments of the optical components lead to optical aberrations. This setup is

most demanding with respect to the system adjustment and therefore, is only used in

high-end applications, which require the best possible lateral resolution. One of the first

descriptions of a Linnik interferometer is given by Davidson et al. [127].
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Figure 5.1: Arrangements for full-field CSI: a) Mirau-, b) Michelson- and c) Linnik con-
figuration, where the red solid line marks the reference mirror. The solid blue
lines represent the imaging beam path and the dashed red lines the illumi-
nation beam path. The latter needs to be adjusted for each arrangement so
that the extended light source is imaged to the pupil plane of the microscope
objective, in order to realize the Köhler illumination.

Further full-field interferometric setups are the Twyman-Green and the Fizeau inter-

ferometer. Both realizations usually renounce the utilization of a microscope arrangement

to achieve a large field of view. However, exemplary microscopic setups exist as presented

in [128, 129]. The Twyman-Green interferometer is similarly arranged compared to a

Michelson interferometer. A collimated beam is split in spatially separated reference and

measurement beams, as shown in [130, 131]. These collimated beams are reflected at the

reference and measurement surface, respectively. In case of Fizeau interferometers the

reference plane is in the same path as the measurement beam [132]. Thus it is known

as common-path interferometer. For this reason, the reference surface must be transpar-

ent, whereby the reference beam occurs at the transition of the reference glass surface to

the environmental air. Furthermore, in both Twyman-Green and Fizeau interferometer

a laser as a coherent light source is usually applied and hence may suffer from speckle

noise and spurious fringes by multiple interferences. The influence of the latter effect can

be reduced by separation of reference and measurement beam using polarization [133].

The use of a diffuser plate behind the light source results in a partially spatial coherent

illumination beam and consequently the speckle noise decreases, as shown by Schwider
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and Falkenstörfer [130]. In addition, these instruments are basically applied to measure

the shape of optical components such as lenses with low surface roughness. The range of

unambiguously determined height values is limited to the half of the wavelength. Nev-

ertheless, shape deviations of the investigated surface with height changes exceeding the

unambiguous range are detectable due to a reference surface with a shape corresponding

to that of the nominal measurement object [134, 135].

CSI is a well-established method to measure surface topographies with high preci-

sion. Although CSI is widespread, there are several approaches to investigate its transfer

behavior for a better understanding of artifact formations such as the batwing effect

[11, 12] and other systematic deviations between the measured and true surface structure

[136, 137]. The amount of the systematic height deviation caused by the batwing effect

depends on the height-to-wavelength ratio (HWR). These deviations reach its maximum

when the HWR value corresponds to 0.25 and are minimal for 0.5. Consequently, the

batwing effect is reduced by adapting the illumination wavelength to the measured height

according to the HWR value, as shown by Xie et al. [138]. Sang et al. [139] present a

gap-matching algorithm with improved complete ensemble empirical mode decomposition

and adaptive noise in order to suppress deviations caused by the batwing effect. Su et

al. [140] correct lens aberrations due to an inverse filtering and validate the results by

reference measurements obtained from a tactile stylus instrument. A lateral distortion

compensation method by using a self-calibration algorithm without the requirement of a

calibration standard is introduced by Ekberg et al. [141]. Here, the distortion is separated

from the real structure by using at least three measurements for the calculation comprising

a reference, a translated and a 90 � rotated measurement of the same structure features. A

measuring method closely related to CSI is optical coherence tomography (OCT), which

based on low coherence interferometry and generates 3D images from optical scattering

media such as biological tissue. A special method is given by the swept-source OCT

(SS-OCT), where the individual spectral components of the interference signal are de-

tected in temporal steps due to tuning the light wavelength of the illumination source

and thus, no spectrometer is required for the signal detection in the spectral domain. In

order to avoid artifacts in the signal such as autocorrelation terms and DC components as

well as to increase the axial accuracy the measurement arrangement treated in [142, 143]

combines SS-OCT with phase-shifting interferometry. This handheld device comprises an

array of 4 x 4 miniaturized Mirau interferometers with micromirrors as reference surfaces,

oscillating sinusoidally at 485Hz with a peak-to-peak amplitude of 352 nm performing the

phase-shifting.

In order to increase the optical lateral resolution especially of Michelson and Mirau

based CSI arrangements where the NA is limited, optical micro spheres are located on the

surface under investigation [144–147]. As reported, the usage of the microsphere below

the microscope objective enables an additional magnification of the measured structure

and increases the lateral resolution. Duocastella et al. [148] combine such a microsphere

with the scanning devise of an AFM for an exact positioning with respect to the surface

to be measured. For this purpose, the microsphere is integrated in the cantilever of the

AFM where normally the mechanical tip of the probe is located. Aakhte et al. [149] use

a fiber connected microsphere for its positioning.
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At steep flanks of the measured surface the reflected light intensity is much lower com-

pared to that of the plane reference surface. Therefore, the modulation of the detected

axial response signal according to Eq. 2.37 decreases with increasing edge steepness. Con-

sequently, evaluation errors raise and the theoretical detectable slope angle of the applied

microscope objective is hard to achieve. In order to reduce this problem Fay et al. [150]

present an approach to improve the signal to noise ratio (SNR) based on dynamic noise

reduction. De Groot and Colonna de Lega [151] adapt the reference surface with respect

to the shape of the investigated measurement surface. A similar approach is carried out by

Allendorf et al. [152], where the reference surface structure matches the nominal texture.

Then, the intensities of reference and measurement reflections are nearby identical, lead-

ing to an increased modulation of the detected signal. As a consequence of this approach,

steep edges are detected more accurately and artifacts like the batwing effect which may

arise at these edges are suppressed.

Due to the cost-reduced manufacturing and the possibility of producing complex or

previously impossible workpieces in addition to conventional manufacturing processes, ad-

ditive manufacturing (AM) becomes increasingly important. The AM surfaces are rough

compared to those of common machining processes and thus represent a challenge for

CSI. An optimization of CSI by advances like high dynamic range (HDR) for light level

adaption and adjustable data acquisition rates for noise reduction improves the mea-

surement results for additive manufactured metal surfaces, as introduced by Gomez el

al. [153]. Furthermore, to ensure quality assurance of each manufactured workpiece an

inline inspection is necessary. However, due to its high sensitivity, the measured results

of a CSI are affected by vibrations caused from environmental machines. In order to

compensate for such vibrations, a laser interferometer can be integrated into the CSI, as

demonstrated for a Michelson [154], a Linnik [155] and a Mirau [156] interferometer setup.

Here, the laser interferometer measures distance changes between the interferometer and

the specimen caused by environmental vibrations. These data are used to sort the axial

sample points of the interference signal obtained by CSI in the correct sequence. An-

other method to avoid influences by environmental vibrations is provided by a single-shot

interferometer. Instead of a series of frames collected by camera during the measuring

process of a CSI, the height information of the measured surface is obtained by only one

frame. Therefore, the measured height values are not noticeably disturbed by vibrations

due to the short measuring time. One approach is to tilt the surface by a certain angle

to achieve a carrier fringe pattern with a well-known spatial frequency. Height changes

can then be determined by a phase evaluation at the mentioned carrier frequency using

the Hilbert transform or short-time Fourier transform, as shown by Takeda et al. [157].

However, this approach suffers from a limitation of the determined height difference to

±λ/4 due to its unambiguous range (see Sec. 5.5.2). This range can be extended by phase
unwrapping procedures or the combination of two different wavelengths for illumination,

as reported by de Groot [158]. Such an approach in combination with a tilted reference

mirror to achieve a spatial carrier frequency is applied in the measuring method presented

by Kitagawa [159, 160]. Here, the phase retrieval occurs by a local model fitting (LMF)

algorithm based on a least square approach as introduced by Sugiyama et al. [161]. These

spatial carrier interferometry techniques require a long DOF, which requires microscope
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objectives of low NA. Hence, the lateral resolution and measurable slopes are restricted.

Kitagawa [162] presents a further single-shot approach using multiple wavelengths to re-

trieve height values without the requirement of a carrier frequency. For this purpose, a

so-called global model fitting (GMF) algorithm is utilized where the modulation depth as

well as the offset of the wavelength-specific two beam interference equation are retrieved

for each camera pixel and finally, the phase is reproduced by solving an optimization prob-

lem. However, this measurement approach is restricted to homogeneous surface structures.

Another approach to obtain the height structure of a surface under investigation by a sin-

gle camera frame is provided by a polarization phase mask in front of the camera pixels

[163, 164]. Due to phase shifts of 0 �, 45 �, 90 � and 135 � by four different oriented linear

polarized filters, the phase shift caused by the height change is determined regarding the

phase shifting approach discussed in more detail in Sec. 5.5.3. Similar to the previously

mentioned multi wavelength approaches, the usage of two or three different illumination

wavelengths leads to an increased unambiguous range of adjacent height values. However,

due to a Bayer color pattern of an RGB camera or the polarization filter (pixelated phase

mask technique), each height value of the surface to be measured is represented by 2× 2

or 4× 4 camera pixels, which reduce the lateral resolution. In [165–167] a dual-shot RGB

interferometer is presented, in which two images of the investigated surface are recorded

by a color camera with a Bayer pattern in a short time while the reference mirror of

the interferometer is moved by a piezo driven stage. Here, the reference mirror moves a

distance of λ/8 between the two acquired camera frames corresponding to a phase shift

of π/2. Therefore, quadrature signals occur leading to a phase value with respect to the

height value of the surface structure by calculating the argument of the quotient of these

signals. Due to the short time difference between the collected frames, this method is

robust against external vibration. The usage of multiple wavelengths increases the un-

ambiguous range. A further extension of this range is achieved by combining the results

of the interferometric measurement with those obtained by a Hartmann-Shack wavefront

sensor, which is also applied in the setup besides a color camera.

In the following sections, the regular CSI is discussed in more detail. This comprises

the working principle, the signal formation including influences due to a Mirau setup

and various materials of the surface under investigation as well as different evaluation

algorithms. Finally, the measurement setup used in the multisensor measuring setup is

presented, where the linear axis for vertical positioning is also applied as scan axis for the

depth scan to increase the measurement speed.

5.1 Signal formation in a CSI

CSI comprises a temporal and spatial short coherent illumination light source to

achieve unambiguous height values as well as a homogeneous incoherent illuminated field

of view due to Köhler illumination integrated in a microscope based arrangement. The

influences of temporal coherence and focusing by the objective lens to the signal response

can be investigated separately and finally combined as introduced by Abdulhalim [23].

First the effect of temporal coherence is discussed assuming spatially coherent il-

lumination and no imaging system. Figure 5.2 depicts a schematic illustration of this
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arrangement. A spherical wave emitted by a short coherent point light source and colli-

mated by a collimator lens is split into reference and measurement beams. These beams

are reflected at the surface of a specimen and a reference mirror, respectively. Subse-

quently, the reflected rays superpose at the beam splitter and interference occurs. Then,

the intensities of the interference signals are captured by a digital camera. Assuming a

Gaussian shaped power spectral density S(ν) corresponding to Eq. 2.43 the intensity

I = IDC + 2
√
I1I2 e

−2π2τ2σ2
ν cos (2πν0τ) (5.1)

according to Eq. 2.36 and Eq. 2.44 appears, where IDC represents the intensity offset

I1 + I2. In case of non-balanced path lengths, the time shift τ between the reference and

measurement beam corresponds to

τ =
2δz
c
. (5.2)

Here, 2δz is equal to the OPD, where the factor 2 results from passing the axial distance

twice due to reflection. When the path lengths of the reference and measurement arm are

well-balanced, the OPD becomes zero and the intensity presented in Eq. 5.1 achieve its

maximum. In this equation, the cosine describes the modulation of the interference with

an oscillation frequency proportional to ν0, changing between constructive and destructive

interference and the exponential function an additional envelope, which reduces the inten-

sity due to the finite coherence length. In order to capture the whole signal response by a

camera, the axial distance between specimen and interferometer is linearly changed using

a piezoelectric driven stage, while a camera acquires the interference signal at equidistant

sampling steps of step size Δz [168, 169]. Assuming a path difference δz = h(x, y) + Δz

with the surface height function h(x, y) and with regard to Eq. 2.9 as well as Eq. 2.10,

Collimator

Camera

Specimen

Reference

Light source

Δz

Figure 5.2: Michelson interferometer with a temporally short coherent point light source.
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the intensity is written as

I(z) = IDC + 2
√
I1I2 exp

{
−2k

2
0σ

2
ν

ν20
(h(x, y) + Δz)

}
cos (2k0 (h(x, y) + Δz)) . (5.3)

A corresponding CSI signal (blue curve) is depicted in Fig. 5.3, where crosses mark exem-

plary sampling points acquired by a camera pixel. Due to the envelope (red curve), the

height value h(x, y) can be unambiguously determined at the depth position of the max-

imum intensity Imax of the corresponding response signal, as visualized by a red dashed

line in Fig. 5.2. The curvature of the envelope at the maximum and thus the accuracy to

determine the height value depends on the spectral width σν . In case of an increased σν
the envelope of the response signal decreases stronger and vice versa. Regarding Eq. 2.38,

Eq. 2.50 and Eq. 2.52 the envelope can be expressed by the coherence length lc leading to

I(z) = IDC + 2
√
I1I2 exp

{
−16π

2

l2c
(h(x, y) + Δz)

}
cos (2k0 (h(x, y) + Δz)) . (5.4)

Here, the factor in the numerator of the first term in the exponential function depends

on the definition for the coherence length lc and the spectral width Δν as explained in

Sec. 2.2. The definition for the coherence length applied here covers the whole path

length where interference occurs with respect to the spectral width σν of a Gaussian

spectral density. In the limiting case of an infinitely coherence length the argument of the

exponential function becomes zero and a temporally coherent beam is obtained, according

to Eq. 2.17.

Δz
z

I

Envelope

WLI signal

λ0/2

IDC

Imax

Figure 5.3: Axial response signal of CSI according to Eq. 5.3. The crosses mark exemplary
sample points of the CSI signal captured by a camera pixel, where the distance
of two neighboring points correspond to the step size Δz.

In the following, a spatially extended monochromatic light source is assumed, which

leads to a temporally coherent and a spatially incoherent approach. In the previous con-

sideration a collimated beam is assumed. However, in case of a microscope arrangement

as depicted in Fig. 5.1 the light is focused, as additionally illustrated in Fig. 5.4. These
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conically focused rays are described by the wave vector

k = k

(
kρ

kz

)
= k

(
sin (θ)

cos (θ)

)
, (5.5)

with the incident angle θ. Here, the index ρ introduces the transverse component of the

wave vector for a rotational symmetric arrangement. Since there are various values of kz
for each angle θ, the term longitudinal spatial coherence is often used in this context [23].

The total intensity Ik(ρ, z) comprising conical illumination with a monochromatic wave

is then obtained by the integration

Ik(ρ, z) =

2π∫
0

θmax∫
0

P 2(θ)Ik,θ,ϕ(ρ, z)k
2 sin (θ) cos (θ) dθ dϕ (5.6)

over the intensities

Ik,θ,ϕ(ρ, z) ∝ Re
{
Ek,θ,ϕ(ρ, z) E

∗
ref,k,θ,ϕ(ρ, z)

}
, (5.7)

where θmax = arcsin (NA) and the angle ϕ describes the rotation in the conical case,

as explained by Pahl et al. [136]. Ek,θ,ϕ(ρ, z) and Eref,k,θ,ϕ(ρ, z) are the electric field

components reflected at the measured and reference surface for the corresponding angles

θ and ϕ as well as a single wave number k. The intensity distribution in the pupil plane

is expressed by the pupil function P (θ). Equation 5.6 assumes equal pupil functions for

the reference and measurement arm as well as for the pupil of illumination and collection.

However, influences such as apodization and aberration affect the intensity distribution.

Assuming an aplanatic aberration free system the apodization is considered by the pupil

function

P (θ) = cosm (θ) , (5.8)

as introduced by Sheppard and Larkin [170]. Note that the apodization weights the con-

tribution of various angles θ differently. A homogeneously illuminated pupil according to

Abbe’s sine condition is achieved for m = 1/2. In case of m = 0 the Herschel condition is

satisfied, where the angular variation is constant. These two conditions and further values

θ

k

Objective

Pupil plane
z

ρ

Figure 5.4: Conically focused ray in a microscope objective.
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for m are investigated by Sheppard and Larkin [170] in more detail. Neglecting angular

dependent reflectivities of the specimen and reference plane as well as a uniform illumi-

nation the interference intensity (Eq. 5.6) can be simplified by an expression according to

Abdulhalim [23], leading to an envelope proportional to a sinc function.

The intensity in case of partial temporal coherence with the spectral density function

S(k) and the focus effect considering a spatially extended light source is provided by

I(ρ, z) =

∫
S(k)Ik(ρ, z) dk. (5.9)

As introduced by Abdulhalim [23], the total envelope of the resulting interferogram is

approximately given due to the multiplication of the two envelope functions related to the

temporal coherence and the focusing effect of the microscope objective with the infinitely

extended fringe pattern.

The following example shows the signal formation for various NAs and illumination

wavelengths, considering three different light sources, a royal blue, a red and a white LED,

whose spectra are measured with a spectrometer (USB2000+VIS-NIR-ES by Ocean In-

sight Inc. [171]) and depicted in Fig. 5.5a. The spectral distribution of the royal blue

and the red light source are similar to a Gaussian function and show an FWHM of ap-

prox. 20 nm. In contrast, the spectral density of the white light source comprises a main

lobe with a maximum at approx. 610 nm and a lower side lobe with a maximum at 445 nm,

which is typical for a warm white LED-light source. The FWHM of the main lobe is ap-

prox. 140 nm. As a consequence, the coherence length of the interference signal calculated

by the Fourier transform

I(z) ∝
∞∫

−∞

S(λ)ei2πcτ/λ
1

λ2
dλ (5.10)

with respect to Eq. 2.33 is lower for the white light source compared to the red light

source, as illustrated in Fig. 5.5b and Fig. 5.5c. Due to similar shape of distribution

and FWHM the Fourier transform of the royal blue spectrum corresponds to that of the

red spectrum and differs mainly by the central wavelength of the fringes. The graphs

depicted in Fig. 5.5 illustrate once more the relation between spectral bandwidth and

temporal coherence length.

In order to demonstrate the additional influence of the focusing effect, multiple mea-

surements are executed by a CSI with Mirau objectives of different NA. The resulting

response signals are depicted in Fig. 5.6. In the left column of the figure, the response

signals obtained by using a white light source for illumination and Mirau objectives with

NA = 0.3, 0.55 and 0.7 are plotted. Due to the short coherence length caused by the

broad spectral distribution of the white light source, the additional constriction of the

signal envelope (red line) with increasing NA is low and the coherence length is only

slightly reduced. On the other hand, the effect of the focusing effect on the response

signals obtained using the red illumination source is significantly higher, as illustrated in

the right column of Fig. 5.6. Here, the strongest constriction of the envelope occurs in

case of the response signal obtained by the highest NA. This is a result of the limited
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Figure 5.5: a) Spectral densities of a blue, a red and a white LED as well as the Fourier
transform of the b) white light and c) red light interference signals.

depth of field (DOF) also called longitudinal spatial coherence length

dz ≈ nλ0

NA2 , (5.11)

which describes the axial range in a medium of a refractive index n near the focal point of

a lens. This range depends on the central wavelength λ0 and decreases with an increasing

NA. Moreover, the response signal measured using the Mirau objective with an NA of

0.7 (depicted in Fig. 5.6f) exhibits additional side lobes with descending local maxima

besides the main lobe in the center. A similar effect yields the Mirau objective with an

NA of 0.55, as shown in Fig. 5.6d. The envelopes of both signals show similarities to a

sinc function. However, the envelope shape of the measured result obtained with an NA of

0.55 is closer to a sinc function compared to the signal obtained with an NA of 0.7. This

result is in accordance with the investigations of Abdulhalim [23], where the mathematical

description of the depth response signal with a small NA can be approximated by a sinc

function. In case of the response signal measured by a Mirau based CSI with an NA of

0.3 (see Fig. 5.6b) no side lobes are apparent. A comparison of the response signal with

the Fourier transform of the spectrum of the red light source according to Fig. 5.5c shows

that the influence of the focusing effect to the response signal is low due to the small NA.
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Figure 5.6: Depth response signals (blue lines) measured by the Mirau based CSI using a
white and a red LED for illumination as well as various Mirau objectives of
different NA and magnification, according to Tab. 5.2 in Sec. 5.6.3. The red
lines represent the envelope of the response signals (determined according to
the procedure described in Sec. 5.5.1).

While these signals are in good agreement, the response signal obtained using a white light

source (see Fig. 5.6a) differs slightly from the Fourier transformed white light spectrum

(shown in Fig. 5.5b). This difference results probably from the spectral transformation

caused by the CSI setup (e.g. due to the wavelength dependent sensitivity of the used
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camera chip, see Fig. 5.19 in Sec. 5.6.3), as investigated by Montonen et al. [172]. Here,

the influence to the white light spectrum is higher compared to that of a red or a blue

LED light source because its broader spectral density.

5.2 Signal changes by different surface materials

The response signals shown in Fig. 5.6 are caused by measurements on an aluminum

mirror. Due to a reference mirror with an aluminum surface, the maximum of the main

interference fringe is located at the maximum of the envelope, when the optical path

length of the measurement and the reference arm are identical. If the material of the

measured surface is changed, the phase shift of the reflected wave changes and thus,

the location of an aligned OPD does not necessarily match the maximum position of

the interference envelope. This is especially a problem when the measurement object

comprises different materials in the FOV of the topography sensor. One solution is given

by coating the structure under investigation with a thin film of a reflective substrate like

metal. However, the structure is affected by this process. Another possibility requires

prior knowledge about the various materials, which can be achieved due to the usage of

measuring methods such as ellipsometry [173–175]. The complex reflection coefficients Rs

for transverse electric (TE) and Rp for transverse magnetic (TM) polarized light are given

by the Fresnel coefficients [15, 17]

Rs(θin) = |Rs(θin)| eiφs(θin)

=
n1 cos (θin)− ñ2 cos (θt)

n1 cos (θin) + ñ2 cos (θt)
=
n1 cos (θin)−

√
ñ2
2 − n2

1 sin
2 (θin)

n1 cos (θin) +
√
ñ2
2 − n2

1 sin
2 (θin)

(5.12)

and

Rp(θin) = |Rp(θin)| eiφp(θin)

=
ñ2 cos (θin)− n1 cos (θt)

ñ2 cos (θin) + n1 cos (θt)
=
ñ2 cos (θin)− n1

√
ñ2
2 − n2

1 sin
2 (θin)

ñ2 cos (θin) + n1

√
ñ2
2 − n2

1 sin
2 (θin)

,
(5.13)

where the relative permeability is neglected (non-magnetic medium), θin represents the

incidence and θt the transmittance angle. Note that the subscripts s and p denote the

perpendicular and parallel components of the reflected wave amplitude in the plane defined

by the surface normal and the wave vector kin of the incident wave. With regard to the

arrangement according to Fig. 5.4, the refractive index n1 corresponds to air and thus is

approx. 1, whereas the refractive index ñ2 = n2 + iκ2 of the object and reference surface

is complex. This in turn leads to the complex expression of the reflection coefficients

in Eq. 5.12 and 5.13. Due to the reflection at the surface, the incoming electric field

components Ek,θ,ϕ(ρ, z) and Eref,k,θ,ϕ(ρ, z) in Eq. 5.7 suffers from an additional phase shift

φ(θin) = arg

( |Rs(θin)| eiφs(θin) + |Rp(θin)| eiφp(θin)

2

)
. (5.14)



5.2. SIGNAL CHANGES BY DIFFERENT SURFACE MATERIALS 59

The imaginary part κ of the complex refractive index is called extinction coefficient and

indicates the amount of attenuation. For an electromagnetic wave reflected at a non-

absorbing medium (κ = 0) the phase value becomes either 0 or π. In case of n1 < n2,

as expected for the presented microscope arrangement, the phase shift corresponds to π.

An example is provided by quartz (SiO2, silicon dioxide) with a low extinction coefficient

[176, 177]. In contrast, the extinction coefficient is high in case of metals. This results

in a deviation from the phase shift π with respect to Eq. 5.14. The phase shift in the

measurement arm φobj as well as the reference arm φref leads to an additional phase

difference of

Δφ(θin) = φobj(θin)− φref(θin). (5.15)

With regard to the interference signal shown in Fig. 5.6 the material of the reference

and the measurement surfaces is aluminum. Due to surfaces of equal refractive index

perpendicularly aligned with respect to the optical axis, the phase difference Δφ is zero

and the maximum of the main fringe corresponds to the location of the envelope max-

imum. However, if the refractive index of the measurement surface differs from that of

the reference surface, a phase shift occurs in the interference signal and the locations of

the maxima are unequal, as illustrated by the interference signals in Fig. 5.7. Here, a

nanoscale linewidth/pitch resolution standard [117] comprising rectangular structures of

silicon on quartz and so-called finding structures of gold is measured by a 100x Mirau

interferometer with the identical adjustments used for the measurement on an aluminum

mirror in Fig. 5.6c and a white LED as illumination source. Comparing the interference

signals in Fig. 5.7, the phase values are shifted compared to the interference signal ob-

tained on aluminum (see Fig. 5.6c). In case of metals the extinction coefficient κ is higher

compared to semiconductors and hence, a lower phase difference is expected. A further

difference between the depicted interference signals is their modulation depth according

to Eq. 2.22, which is a result of the different reflectivities

� =
|Rs|2 + |Rp|2

2
(5.16)
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Figure 5.7: Interferograms obtained by a 100x Mirau interferometer with an NA of 0.7
and a white light source on a) a silicon (Si), b) a gold (Au) and c) a fused
silica (SiO2) surface area.
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of the corresponding material. The refractive indices of the materials compared in this

section are available in [176, 178–180].

The phase shift of the resulting interference signal caused by a changed material

composition is investigated in various studies [181–184]. Besides a phase shift of the

interference signal, a difference between the materials of measurement and reference sur-

face effects an offset to the envelope location, as shown in [185–187]. Due to a relative

height measurement, the evaluated surface topography is not affected, if the material is

homogeneous for the whole measurement field and the reference surface. Each measured

height value is shifted by an identical offset. However, in case of various materials in

the measurement field the corresponding height values are shifted by different offsets as

investigated by simulations in comparison to measurement results of a chrome on glass

specimen in [12, 136]. Further influences such as misalignments [136] and superposed

interference signals caused by reflections on a thin film as well as on a further layer of

another material beneath [188] need to be considered for the formation of the resulting

interference signal.

5.3 Influence of the reference mirror in a Mirau setup

A significant difference between a Mirau interferometer and other interferometer con-

figurations such as a Linnik or a Michelson setup is the more compact design, due to

the reference mirror located in front of the objective lens, as schematically depicted in

Fig. 5.8. Here, the incident light passes the objective lens, then a compensation plate and

is split by a beam splitter plate into a reference (red) and a measurement beam. The

reference rays are reflected to the reference mirror and pass through a compensation plate

before the rays are reflected by the reference mirror. With the compensation plate the

optical path length of the beam splitter is compensated, so that the optical paths of the

reference and the measurement beam are balanced (zm = zr) and dispersion effects are

reduced. A disadvantage of the circular reference mirror placed in the optical path is its

obscuration, i.e. the inner illumination and imaging rays are blocked. As a consequence,

the pupil aperture is changed as shown in Fig. 5.8 (right hand side) and thus, the CTF

presented in Eq. 2.78 changes to

H(kρ) =

⎧⎪⎨
⎪⎩
circ

(
kρ
kp

)
− circ

(
kρ
kr

)
, for kρ ≤ kp

0, otherwise,

(5.17)

where the outer radius is represented by kp and the inner one by kr due to the reference

mirror. The spatial frequencies kr and kp result by the normalized radius of the reference

mirror and the NA of the objective lens to

kr = k sin (θmin) , (5.18)

kp = kNA = k sin (θmax) . (5.19)
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Figure 5.8: Schematic illustration of a Mirau interferometer with its reference mirror (red)
and the pupil plane on the right side of the image. The light cone marked in
red represents the reference beam.

Here, the maximum aperture angle is specified by θmax and the minimum aperture angle

is given by

θmin = arctan

(
rref

zm + zr

)
, (5.20)

with the radius rref of the reference mirror as well as the length zm of the measurement

and zr of the reference arm (see Fig. 5.8). By an inverse Fourier transform, the PSF h(r)

for the Mirau objective is obtained:

h(r) = F−1 {H(kρ)} = πk2p
2J1 (kpr)

kpr
− πk2r

2J1 (krr)

krr
. (5.21)

With regard to Eq. 2.77 the OTF is derived by the 2D Fourier transform

O(kρ) = 2π

∞∫
0

r|h(r)|2J0(kρr)dr (5.22)

for a circularly symmetric function h(r) and kρ =
√
k2x + k2y. The MTF (red curve)

resulting from the OTF and the CTF (blue curve) of a Mirau interferometer are depicted

in Fig. 5.9. Note that ideal conditions, no dispersion and a diffraction limited system are

assumed. Further, point sources in the object plane and the reference plane are assumed

as point scatterers corresponding to the approach presented in Sec. 2.3.4. In order to

calculate the OTF a 50x Mirau objective with a working distance of 3.4mm, an NA of

0.55 and a radius of the reference mirror rref = 0.35mm are assumed. rref is estimated

and verified by an FEM simulation model [136], whereas the other values are provided

by the manufacturer (see Tab. 5.2 in Sec. 5.6.3). Compared to the MTF (black dashed

line) of a conventional microscope with spatially incoherent illumination, the modulation

of the Mirau interferometer for lower spatial frequencies is slightly lower up to a certain

point, marked by km. The modulation depth depends on the NA, the working distance

and the radius of the reference mirror. In case of a 100x Mirau objective with an NA
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Figure 5.9: MTFs of a Mirau interferometer according to Eq. 5.17 for the CTF and
Eq. 5.22 for the OTF, in comparison to a conventional microscope. km marks
the point where the MTF of the Mirau matches the course of the conventional
microscope.

of 0.7, a working distance of 2mm and rref = 0.2mm the course of the resulting MTF is

between the red and black dashed line according to Fig. 5.9. These results are comparable

to those obtained by a Schwarzschild objective [189, 190], where the effect of the central

obscuration in the MTF is higher compared to that of the Mirau objective due to a wider

primary mirror in the center of the objective. The transfer function of a perfect lens with

a central circular obstruction for various diameters is discussed by Wetherell [191].

A vivid explanation for the reduced modulation depth following the red line depicted

in Fig. 5.9 is provided by the Ewald sphere model, which is inter alia used for analysis of

confocal [192, 193] and interference microscopy [194] in the spatial frequency domain. In

Fig. 5.10a an Ewald sphere construction of a conventional microscope is depicted. Here,

the incoming electromagnetic field for illumination (black arrows) is represented by the

wave vector -kin for all angles of incidence between -θmax and θmax. Each endpoint of

-kin builds a source point for a scattered field, represented by the wave vectors ks (violet

arrows). This field is spread over the whole aperture angle of the microscope objective and

corresponds in an ideal system to the maximum angle of the incident field. Here, each

vector length equals k. A profile section of the resulting circularly symmetric transfer

function (blue line) is displayed over the axes qρ and qz, which represent the lateral and

axial component of a wave vector k.

In case of a Mirau interferometer the incident rays of the inner angles are blocked by

the reference mirror and thus also the scattered field outgoing from these incident rays.

Likewise, the scattered light of low angles outgoing from the other angles of incidence

are blocked. Figure 5.10b shows the Ewald sphere of a Mirau interferometer, where the

range of blocked incoming and scattered beams is marked by gray dashed lines. However,

the scattered fields of the other incoming beams contribute to the lower frequencies of the

transfer function, which explains the slightly lower modulation depth for lower frequencies

of the Mirau system compared to that of a conventional microscope in Fig. 5.9. Further-

more, with the shown Ewald sphere the frequency km where the MTFs matches can be
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clearly determined. Therefore, the incoming vector kinmin under the minimal possible

angle θmin is superposed with the scattered field vector ksmax of the maximal angle θmax

to

ksmax − kinmin =

(
qρ
qz

)
= k

(
sin (θmax) + sin (θmin)

cos (θmax) + cos (θmin)

)

= k

(
NA+ sin (θmin)√

1− NA2 +
√
1− sin2 (θmin)

)
, (5.23)

where the negative sign of kinmin is lapsed due to the consideration of its reflected compo-

nent with the angle of incidence θin = −θmin. Consequently, the spatial frequency where

the MTFs matches is calculated by

km = k (sin (θmin) + NA) = kr + kp. (5.24)

Following the example presented in Fig. 5.9 the resulting frequency km/kc corresponds

then to 0.547. As depicted in Fig. 5.10b by the red arrows, the superposition of two

vectors comprising both kin and ks leads to the same coordinate of the resulting transfer

function. Therefore, the relation ksmax − kinmin = ksmin − kinmax occurs.

-kin

ks

kc

2k

qz qz

qρ qρkm0 0a) b)

Figure 5.10: Cross sections through Ewald spheres of a conventional brightfield microscope
a) and of a Mirau interferometer b). The black arrows in a) represent the
negative wave vector kin of the incoming field and the violet arrows the
wave vector ks of the scattered field, which is collected by the microscope
objective. In b), the area of blocked rays is marked by dashed gray lines and
the red arrows label the boundary rays yielding km. The blue lines specify
the boundary of the resulting transfer function.

5.4 Lateral resolution

An important parameter that characterizes a topography sensor is its lateral resolu-

tion. The Mirau interferometer presented in the paragraph before is based on a microscope

arrangement. Therefore, the same calculation methods used for a conventional brightfield

microscope are valid to determine the lateral resolution as discussed in Sec. 2.3.4. However,

these conditions are only valid in case of 2D topographies, i.e. topographies with height
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differences much smaller than a quarter of the wavelength of the illumination light [195].

Otherwise, the faithful reconstruction of the height structure of a 3D (or also known as

2.5D) topography is also taken into account [196, 197]. An alternative method to charac-

terize the transfer function including 3D structures is provided by the instrument transfer

function (ITF), which is defined by the ratio of the measured and the true amplitude of

the investigated surface structure with respect to the spatial frequency [195, 198, 199].

For height structures much smaller than a quarter of the wavelength the ITF equals the

MTF. De Groot and Colonna de Lega [195] investigate the transfer behavior of incoher-

ent and coherent illumination applied in a CSI and a Fizeau interferometer comparing

the theoretical ITF with experimental results. Another application example is presented

by the work of Giusca and Leach [200]. Xie [12] provides a theoretical investigation of

the transfer behavior of CSIs by using the ITF. The true amplitude of the investigated

surface structure can be determined by measurements with reference instruments such as

an AFM, as presented in [119, 201].

As introduced in Sec. 2.3.4, the lateral optical resolution where two adjacent points

are separable from each other is limited by diffraction. The lateral resolution limit is

defined by the Abbe resolution (see Eq. 2.71), which is hard to achieve in practice. For

this purpose, the incident plane wave with the wave vector kin hits the investigated object

under the angle θmax, which is the maximum possible illumination angle of the microscope

objective. The reflected beam with the wave vector kr = k0. as well as the diffracted wave

with the wave vector k−1. of first order are collected by the objective under the same

absolute angle as the incident light, as discussed in Sec. 2.3.3. Assuming an illumination

wave hitting the reference mirror with the identical angle and wave vector as the object

to be measured, the interference equation according to Eq. 5.4 can be formulated by

I(z) = IDC + 2
√
I1I2 |γ12| cos

(
4π

λeff
(h(x, y) + Δz)

)
, (5.25)

where γ12 represents the degree of coherence (see Sec. 2.2). Furthermore, only the z

component of the wave vector contributes, which leads to the relation

kin · ez = 2π

λ
cos (θin) =

2π

λeff
, (5.26)

with the unit vector ez in z-direction. Consequently, the height corresponding to the

difference between two fringes in the interference pattern is represented by the effective

wavelength λeff instead of the center wavelength λ0 of the illumination source. The in-

terference according to Eq. 5.25 is described for a point source imaged to the back focal

plane of the objective leading to a plane wave under a certain angle of incidence θin on

the surface under investigation, where λeff depends on the angle θin of the incoming wave.

This means that for an increased angle θin the effective wavelength is increased and for

the marginal rays to achieve the Abbe resolution limit the effective wavelength reaches its

maximum. The shift to higher effective wavelengths due to an increased angle of incidence

is also known as NA effect and discussed in several studies [193, 202, 203].

In practice the illumination source of a CSI is extended by using an arrangement

according to Köhler illumination instead of a point source as assumed before. Hence,
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the measurement object as well as the reference mirror are illuminated under all angles

provided by the microscope objective. This leads to an increased spectral distribution of

the measured interference signal compared to that of the illumination source. In Fig. 5.11

the spectrum of a royal blue LED illumination source with a center wavelength of 450 nm

(black) as well as the spectral distributions of the interference signals measured by a Mirau

based CSI with an NA of 0.55 (blue) and 0.7 (red) are depicted. Note that the flat mea-
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Figure 5.11: Interference spectra of different NAs using a Mirau interferometer compared
to the spectrum of the applied royal blue LED with a center wavelength of
450 nm as light source.

surement surface and the reference plane are oriented perpendicular to the optical axis of

the microscope objective. A comparison of the different curves shows the dependency on

the NA and thus on the maximum possible angle of incidence. As expressed before, the

effective wavelength increases with increased angle of incidence. The maximum effective

wavelength obtained from the red curve corresponding to NA = 0.7 is approx. 615 nm,

whereas for the blue curve representing the course for an NA of 0.55 the effective wave-

length is approx. 540 nm. These relations are already discussed by Lehmann et al. [204]

presenting an additional spectrum originating from the Fourier transform of an interfer-

ence signal measured by a Linnik based CSI with an NA of 0.9 and a royal blue LED as

light source. This spectrum shows a maximum effective wavelength of approx. 1055 nm,

which is confirmed by a simulation model based on a Kirchhoff approach [205].

In order to illustrate the relation of the spectrum to the collected light, multiple

measurements at a mirror of changed slope are executed, as shown in Fig. 5.12. The graphs

depicted in Fig. 5.12a and Fig. 5.12c show the measured results for a tilted mirror obtained

using a Mirau interferometer with an NA of 0.55 and 0.7. Figure 5.12b and Fig. 5.12d

depict the corresponding spectra. A comparison between the displayed spectra shows

that these shift with increasing surface tilt angle to longer wavelengths. Furthermore,

the amplitudes decrease with increasing surface slope compared to those of the spectrum

obtained for a surface tilt angle of 0 degree. This is due to a reduced amount of light

collected by the objective lens for an increased surface slope. With the knowledge that

the spectrum is shifted to higher wavelengths for increased surface slopes the evaluation

wavelength λe in the evaluation algorithm according to Sec. 5.5.2 can be adjusted to

evaluate the corresponding interference signals [194]. This means for the example shown
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in Fig. 5.12 that the evaluation wavelength to be selected increases with increasing slope

of the mirror to be measured. As a consequence of the decreased spectral intensity for

high surface slopes, the resulting profiles are noisy as shown for the tilted surfaces of 30 �

until 40 � in Fig. 5.12c. Here, in spite of a hardly apparent interference signal with respect

to the measurement noise, the shape of a tilted surface of 40 � is measured for a microscope

objective, which theoretically achieves a maximum detectable slope angle of approx. 44 �.

If this is applied to the measurement of surface structures, the phase evaluation at

large evaluation wavelengths enables high lateral resolution according to Abbe�s theory,

as illustrated by measurements of grating structures with a 300 nm and a 400 nm pitch

made by Supracon AG in [204] as well as on a grating with 300 nm period length of a

RSN resolution standard by Simetrics GmbH in [194, 206]. In both studies a Linnik

interferometer with an NA of 0.9 and a royal blue LED as light source is applied. The

influence of a changed evaluation wavelength with regard to various period lengths is

investigated by measurements of a chirp structure (manufactured by PTB, Physikalisch-

Technische Bundesanstalt in Germany) using a Mirau interferometer with an NA of 0.7

and two different light sources with center wavelengths of 450 nm and 630 nm in [124].

Furthermore, a shift of the spectral density to lower wavelengths using a microsphere on

the investigated surface is shown by Hüser and Lehmann [147].
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Figure 5.12: Interference spectra of b) 50x Mirau interferometer (NA = 0.55) and d) 100x
Mirau interferometer (NA = 0.7) for associated tilted surfaces a) and c).
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5.5 Signal processing

Due to a short coherent light source used for illumination, the detected response signal

in CSI comprises a modulated interference fringe pattern as well as an envelope depending

on the spectral width of the light source and the NA of the microscope objective, as shown

in Sec. 5.1. The common approach to evaluate this interferometric signal is the detection

of the axial position with respect to the maximum intensity value of the envelope and

a more precisely determination of the height value using an additional phase evaluation

algorithm. Here, the combination of both evaluation methods enables an unambiguous

determination of the phase based height values across an unlimited axial range. This is

one benefit of CSI compared to an axial response signal resulting from a coherent light

source.

In the following an overview of some usual methods used for envelope and phase

evaluation are presented. In this thesis the focus is on the Hilbert transform to obtain

the envelope of the response signals and a phase evaluation algorithm based on a lock-in

method. Another approach is described by Salzenstein et al. [207] where the envelope

and phase retrieval are executed using the Teager-Kaiser energy operators. De Groot and

Deck [208] present a frequency domain analysis (FDA) algorithm to determine the phase

and thus, the corresponding height value. Here, usually three until seven phase values

are determined of the corresponding discrete sample points around the main frequency

in frequency domain. Assuming a linear relation between the calculated phase values, a

height value results from the gradient of the linear relation. This value is comparable to

height values resulting from the envelope position. In order to improve the accuracy, the

previously determined height value can be combined with that of an intermediate phase

resulting from the average of the calculated phase values. A comparison of this evalua-

tion method with the approach applied in this work (the so-called LT-algorithm) is per-

formed by Tereschenko [25]. It is reported that the phase evaluation of the LT-algorithm

(Lehmann-Tereschenko) has a slightly lower measurement uncertainty compared to that

of the FDA algorithm. A further approach is given by the correlation of the measured

response signal with a nominal correlogram, as reported by Kiselev et al. [209].

5.5.1 Envelope analysis

Several methods exist to determine the envelope of a CSI signal. Larkin [210] com-

pares a five-sample adaptive (FSA) nonlinear algorithm with Hilbert transform, centroid

and square of centroid methods to estimate the envelope of a CSI signal. This investiga-

tion shows nearly same results for an ideal signal sampling except for the centroid method.

In case of undersampling the best results could be obtained by the FSA algorithm. Gianto

et al. [211] present an overview and comparison of several envelope detection techniques

comprising the Hilbert transform, the FSA algorithm proposed by Larkin [210], the contin-

uous wavelet transform (CWT) and an algorithm using the Teager-Kaiser energy operator

for CSI signals generated at transparent layers.

In this section Hilbert transformation algorithm is presented, which enables the de-

termination of the envelope by an analytical signal [212]. Hence, in order to determine
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the envelope of the axial response signal I(z), an analytical signal of the form

Ia(z) = I(z) + iH{I(z)} (5.27)

is calculated, where H{I(z)} denotes the Hilbert transform of the offset free interference

signal I(z). Here, the Hilbert transform is defined by [213]

H{I(z)} = 1

π
P
⎧⎨
⎩

∞∫
−∞

I(η)

z − η
dη

⎫⎬
⎭ = I(z) ∗ 1

πz
, (5.28)

where the P in front of the integral denotes the Cauchy principal value, which is necessary

to determine due to the singularity at the point z = η. A convolution in the spatial domain

corresponds to a multiplication in the spatial frequency domain and hence, the imaginary

part of the analytical signal can be expressed by

H{I(z)} = F
{
1

πz

}
F {I(z)} = −i sgn(k)I(k), (5.29)

with

sgn(k) =

⎧⎪⎨
⎪⎩

1, for k > 1

0, for k = 0

−1, for k < 1.

(5.30)

Due to the Fourier transform of the analytical signal according to Eq. 5.27, the relation

F {Ia(z)} =I(k) + I(k)sgn(k)

=I(k) (1 + sgn(k)) (5.31)

=I(k)2H(k)

results, where Hs(k) represents the Heaviside step function defined by

Hs(k) =

⎧⎪⎨
⎪⎩

1, for k > 1

0.5, for k = 0

0, for k < 1.

(5.32)

Consequently, an analytical signal is obtained if the negative frequency part of the com-

plex frequency domain is set to zero, while the positive part is doubled and afterwards

transformed to the spatial domain using the inverse Four transform:

Ia(z) = F−1 {I(k)2Hs(k)} . (5.33)

Here, the multiplication with the factor two ensures the energy conservation. Neglecting

this factor results in a decreased signal amplitude in the spatial domain but does not

affect the form of the signal.

The envelope of the CSI signal results from the absolute value of the analytical signal
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Figure 5.13: Relation between spectrum and spatial domain CSI signal. a) Spectrum
|I(k)| (blue curve) of CSI signal I(z) (blue curve in b)) measured by a 100x
Mirau based CSI with a royal blue LED as illumination source. The black
curve shows the result of the product of a Gaussian filter function (red curve)
and the spectral density I(k). b) Unfiltered (blue) and filtered (black) CSI
signal corresponding to the spectrum in a) as well as its envelope according
to Eq. 5.34.

Ia(z):

Ienv =
√
Ia(z)I∗a (z) =

√
Re {Ia(z)}2 + Im {Ia(z)}2. (5.34)

Figure 5.13a shows the spectrum I(k) (blue curve) of a CSI signal (see blue curve in

Fig. 5.13b measured by 100x Mirau CSI using a royal blue LED as illumination source.

Due to the application of the Hilbert transform in order to generate an analytical signal

according to Eq. 5.33, an envelope is calculated by Eq. 5.34 as graphically shown by the

magenta colored curve in Fig. 5.13b. The curve of the envelope is noisy, due to the signal
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noise. This noise can be reduced by filtering the signal. For this purpose a filter function

is combined with the Hilbert transform to create an analytical signal, where the positive

frequency domain is multiplied with a filter function instead of a constant value [25]. The

positive spectrum of I(k) presented in Fig. 5.13a is multiplied with a Gaussian function

of the form

FG(k) = exp

{
−(k − k0)

2

2σ2
k

}
, (5.35)

where k0 represents the spatial central frequency of the spectral density I(k) and σ
2
k the

standard deviation, corresponding to the spectral width of the Gaussian filter function

FG(k). The result is a filtered CSI signal with a nearly noise free course of the envelope,

as presented by the black and red curves in Fig. 5.13b. Here, the spectral width of the

filter function determines the strength of noise suppression as well as its implication on

the measured spectrum of the measured signal.

Further approaches are given by statistical methods such as the moving RMS (root

mean square), absolute average or standard deviation [214]. A rectangular window W (z)

is moved across the axial response signal of the CSI, while the standard deviation described

by the estimation value

σ̂ =

√√√√ 1

N − 1

N−1∑
i=0

(
I(zi)− I(z)

)2
(5.36)

is calculated of the discrete interference signal I(z) comprised by the window W , as

illustrated in Fig. 5.14. The number of values covered by the window is defined by N and

I(z) represents the arithmetic mean value

I(z) =
1

N

N−1∑
i=0

I(zi). (5.37)

This process includes the calculation of the standard deviation for each window position

0 50 100 150 200 250
0

50

100

150

200

z (frame)

I (a.u.)

W(z)

Figure 5.14: Unfiltered axial response signal I(z) (blue curve) with horizontal shifted win-
dow W (z) to obtain the envelope by using RMS or standard deviation.
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and is thus computation intensive. It can be optimized using the variance

σ̂2 =
N−1∑
i=0

I(zi)
2 − 1

N

(
N−1∑
i=0

I(zi)

)2

, (5.38)

where the scaling factor in front the sum can be neglected, since only the form of the

resulting envelope is of interest. Then a recursive algorithm described in [215–217] can be

applied, where the overlapping section between the window and the subsequent shifted

window are not calculated once again. Hence, the computation speed increases. Both

presented algorithms, Hilbert transform and moving standard deviation, are compared by

Knell [214]. This investigation shows a higher standard deviation with a decreased SNR

for the Hilbert transform. However, the Hilbert transform algorithm presented in [214]

does not contain any filtering, which would improve the result as shown in Fig. 5.13.

The axial position of the maximum point of the envelope occurs by using a Gaussian

fit, which is appropriate due to the Gaussian filter function applied in the frequency

domain. Further possible detection methods are available using a centroid method [218,

219] or other fitting functions [220, 221], which is discussed in more detail in Sec. 6.6.

5.5.2 Phase analysis

Signal evaluation of CSI signals using envelope estimation as presented a paragraph

before yields a repeatability of height values in the one digit nanometer range. A more

precise method provides the phase analysis, which achieves repeatabilities in the sub-

nanometer range. A review of various phase evaluation techniques is given by Dorrio et

al. [222]. An appropriate and robust method to calculate the phase value of a measured

CSI signal provides the single-point discrete Fourier transform (DFT), also known as lock-

in method. For this purpose the DFT is determined for the spatial evaluation frequency

ke by

I(ke) =
N−1∑
i=0

I(zi)W (zi)e
−izikeΔz, (5.39)

where N denotes the number of sampling points, which equals the number of pictures

captured by the digital camera. In order to reduce perturbing influences resulting from

the leakage effect, the discrete interference signal I(zi) is multiplied by a Blackman window

of the form [223, 224]

W (zi) = 0.42− 0.5 cos

(
2πzi
N

)
+ 0.08 cos

(
4πzi
N

)
, (5.40)

which reduces the amplitude of the signal to zero at its boundaries. Here, an odd number

of frames is preferred to obtain efficient algorithms. The phase φ results from

φ(ke) = arctan2

(
Im {I(ke)}
Re {I(ke)}

)
. (5.41)
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With respect to Eq. 2.19, the height value hp at the lateral position (x, y) of the surface

under investigation is determined by

hp(x, y) =
φ(x, y)

2ke
=
λe
4π
φ(x, y). (5.42)

However, due to the application of the arctan2 function in order to determine φ ranging

from −π to π, the height value is only unambiguously defined in a range of ±λe/4. The
choice of λe depends on the measured surface structure and is related to the numerical

aperture of the used CSI, as investigated by Lehmann et al. [206, 204] and is further

discussed in Sec. 5.4.

In order to overcome the unambiguous range of ±λe/4, the results of the phase and
envelope analyses are combined. For this purpose, the height value henv determined by

the envelope evaluation is first normalized by λe/2 and then rounded to the fringe order

M = round

(
2henv
λe

− φ

2π

)
, (5.43)

which describes an integer multiple of a fringe period. This is illustrated in Fig. 5.15 by

a synthetic wave (red curve) with the spatial frequency 2ke. The fringe order describes

the number of fringes passed from the beginning of the record until the coherence peak is

reached, where the OPD is zero. A deviation of the height value h(x, y) to the balanced

state (OPD=0) is taken into account by the phase value φ(ke) determined according to

Eq. 5.41. Here, the calculated phase refers to the aligned state of the interferometer, i.e. to

the maximum position of the coherence peak. The combination of distances determined

by the fringe order M and the phase φ leads to the height value

h(x, y) =

(
M +

φ(x, y)

2π

)
λe
2
, (5.44)

where the unambiguous range is not limited for a perfectly aligned measuring system.

In a perfectly aligned interferometric setup without dispersion and equal reflection

Mφ

λe/2

I (a.u.)

z (a.u.)h(x, y)

Envelope

henv

Coherence peak
Phase peak

Figure 5.15: Synthetic wave (red curve) with the evaluation wavelength λe in order to
illustrate the combination of envelope and phase evaluation. Because of six
passed constructive interferences, the fringe order M = 5 in this example.
The phase trains passing through to the axial position of the maximum of
the envelope are represented by its integer value M and the phase shift φ.
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properties of the reference and measurement surface, respectively, the coherence and phase

peak of the interference signal are related to the identical height value [208, 225], as

shown in Fig. 5.15. However, if for example dispersion as discussed in [187, 226–228] or

different reflection properties due to materials with different phase changes [186] occur

(see Sec. 5.2), the positions of coherence and phase peak differ. This may result in so-

called ghost steps, which are 2π phase jumps resulting in height steps of ±λe/2 or its
integer multiples. An approach to reduce these ghost steps is given by an unwrapping

algorithm, as presented by Pförtner and Schwider [229]. A further reduction method

is the filtering of the determined height values by a non-linear filter such as a median

filter, as reported in [10, 225]. In [228, 230] phase jumps are corrected by detecting the

dispersion. A multi-wavelengths approach is introduced by Niehues et al. [231], where the

ghost steps are corrected by using two LED sources with different wavelengths. Based

on this approach, Ghim and Davis [232] introduce a similar method with only one white

light source. Sang et al. [139] present a gap-matching algorithm to suppress these ghost

steps. Another approach without the requirement of further information is carried out

by Tereschenko [25], where three additional phase values exhibiting a phase shift of π/2

to each other are acquired, which corresponds to a λe/8 height differences, respectively.

These phases are compared with the height value determined by the envelope evaluation

algorithm and the closest one is chosen as the correct phase value.

The combination of the envelope algorithm presented in Sec. 5.5.1 with the phase

evaluation including λ/8-correction is known as LT-algorithm as discussed in more detail

by Tereschenko [25]. In this thesis, the LT-algorithm is applied to evaluate CSI signals

generated by a Mirau based CSI.

5.5.3 Phase shifting interferometry

Besides a continuous change of the distance between interference objective and spec-

imen during a depth scan, while a camera records pictures of the investigated surface at

equidistant steps, a further often used approach is the phase-shifting interferometry (PSI).

Here, the measurement object or the reference surface is moved axially in multiple steps

in a range up to λ/2. The well-known 4 step algorithm satisfies just the Nyquist sampling

theorem, where the OPL is changed in λ/8 steps, which corresponds to phase shift of

π/2, respectively. At each position, the digital camera captures an image. Therefore, four

intensities of the form [233, 234]

I1(x, y) = IDC(x, y) + 2
√
I1I2 cos (φ(x, y)) , (5.45)

I2(x, y) = IDC(x, y) + 2
√
I1I2 cos

(
φ(x, y) +

π

2

)
= IDC(x, y)− 2

√
I1I2 sin (φ(x, y)) , (5.46)

I3(x, y) = IDC(x, y) + 2
√
I1I2 cos (φ(x, y) + π)

= IDC(x, y)− 2
√
I1I2 cos (φ(x, y)) , (5.47)

I4(x, y) = IDC(x, y) + 2
√
I1I2 cos

(
φ(x, y) +

3π

2

)
= IDC(x, y) + 2

√
I1I2 sin (φ(x, y)) (5.48)
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are acquired. Then, the phase φ is calculated by

φ(x, y) = arctan

(
I4 − I2
I1 − I3

)
= arctan

(
sin (φ(x, y))

cos (φ(x, y))

)
(5.49)

and thus, the height value is

h(x, y) = φ(x, y)
λ

4π
. (5.50)

As introduced in [235–237] the height values can also be determined in case of undersam-

pling due to at least three steps. Further PSI algorithms separate the motion interval in

more than four steps, for instance five steps, as introduced by Hariharan [238], six steps as

presented by Hibino [239], and seven steps as shown by de Groot [240] in order to achieve

better accuracy. An overview of these algorithms is carried out in more detail by Adachi

[241].

Lehmann et al. [10] compare the four step and the Hariharan five step PSI with the

lock-in technique introduced in Sec. 5.5.2. As a result of this comparison, the five step

algorithm shows a slightly lower uncertainty compared to the four step approach. In

addition, it is demonstrated in this investigation that the lock-in technique in most cases

yields a lower uncertainty compared to both PSI algorithms. In [10], the lock-in method

comprises 101 sample points with a sampling interval of 20 nm. Therefore, the number

of sample point is much higher compared to that of the applied PSI algorithms, which

is the reason for a lower uncertainty in case of noisy signals. Due to the phase average

over an increased number of sampling points the accuracy of the lock-in algorithm also

improves. This is confirmed by a comparison between the lock-in technique with 20 nm

sampling interval compared to 25 sampling points and a sampling interval of 80 nm. The

latter interval corresponds to four sampling points per fringe still complying the Nyquist

criterion. The uncertainty for the lock-in technique with 101 sample points is lower

compared to 25 samples. On the other hand, the uncertainty of the lock-in technique

with 25 samples is in most cases still lower compared to the presented PSI algorithms.

The investigation of de Groot [240] comprising the comparison between a five step and

a seven step PSI approach confirms this result. In sum, the lock-in technique yields a

higher accuracy in practice, but requires higher computational effort compared to the PSI

approach. However, this fact fades into the background due to an increased computational

power since the emergence of PSI.

5.6 Interferometer setup

As explained in Sec. 5.1, the measuring process in CSI is performed by a depth scan,

where the distance between microscope objective and specimen increases or decreases

continuously while a camera captures pictures of the interference patterns obtained from

the surfaces of the specimen and the reference mirror for each axial step. This mechanical

scan is usually provoked by a piezoelectric driven linear axis. The stage performs the

depth scan in multiple equidistant steps ranging between 20 nm and λ/8, where λ is again

the central wavelength of the light source. At each step, the axial motion stops and

after a short time to cover the transient response of the axis the camera takes an image.
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Depending to the scan range zs and the step size Δz the measuring time differs. A depth

scan performed without mechanical motion is introduced in [242]. Here, the mechanical

movement is replaced by changing the optical path length of the reference beam by a fiber

optical modulation interferometer with a fiber stretcher. However, an electrically tunable

lens is necessary to ensure a sharp image of the measured part at the specimen surface,

which increases the costs. In this thesis, the depth scan is realized by a continuous motion

of the vertical positioning axis of the used CSI. Therefore, no additional piezo scanning

axis is necessary to realize a depth scan. In addition, multiple measuring processes using

a stroboscopic illumination are implemented, as introduced in the following paragraph.

The concept of a stroboscopic illumination in CSI is not new and already used in other

applications [154, 243–247].

5.6.1 Measuring processes

In order to investigate the transfer behavior of CSI and its comparison to other surface

measuring instruments, a self-assembled Mirau interferometer which is integrated into the

multisensor setup is utilized. A Mirau based CSI is probably the most used configuration

compared to Michelson and Linnik interferometer setups. This is due to a less demanding

adjustment, compact dimensions as well as a sufficient NA for the most applications.

The interferometer can be operated in several operation modes. Besides the commonly

used stepping mode where the depth scan is performed by an additional piezo stage

below the specimen, the depth scan can be executed by the stepper-motor-driven linear

stage for vertical positioning up to 100mm. As illustrated by two different sketches in

Fig. 5.16, the depth scan performed by the linear stage can be distinguished in two several

measuring processes. In the operation mode depicted in Fig. 5.16a the linear stage moves

in axial direction with a constant velocity, while a camera acquires frames in temporally

equidistant steps of the interval Δt. Δt results from the chosen scan velocity vs and the

spatial step size Δz by the relation

Δt =
Δz

vs
, (5.51)

where the minimum Δt is limited by the maximum frame rate fcam of the camera. There-

fore, the time duration ts of the depth scan results in

ts =
zs

Δzfcam
, (5.52)

with the scan range zs. Using a CMOS camera with an USB3.0 interface, a data transfer

rate up to 419MB/s is achieved and thus, the measurement time can be kept short. An

overview of maximum frame rates depending on the region of interest (ROI) is given

in Tab. 5.1. The minimum range of zs covers the maximum height differences of the

structure to be measured and an additional range comprising the main envelope of the

CSI signal, which depends on the temporal coherence and the NA of the objective lens.

For this reason, the scan range might be changed if the light source is changed or a Mirau

objective with another NA is used. The maximum value of the step size Δz is limited

by λ0/8, which corresponds to 4 sample points per fringe with the central wavelength λ0



76 CHAPTER 5. COHERENCE SCANNING MIRAU INTERFEROMETER

a)

LED

Mirau objective

Specimen

Condenser

Tube lens

Camera

AC (Axis
Computer

L
in
ear

stage

UARTWLI signal

Ethernet

Trigger

T
rigger

sign
al

b)

LED

Mirau objective

Specimen

Condenser

Tube lens

Camera

Computer

Trigger

L
in
ear

stage

WLI signal

Ethernet

Trigger

T
rigger

sign
al

M

ID
S

IDS-Trigger

AC-Trigger

(frames)

unit
Trigger
unitsignal signal

controller)
AC (Axis
controller)

(frames)

Figure 5.16: Sketches of two different arrangements for a continuous depth scan using the
linear stage for vertical positioning. Camera and LED triggering by a) a
trigger unit with temporally equidistant steps as well as b) axis controller
or interferometric distance sensor (IDS) in spatially equidistant steps. M
represents a mirror.

fulfilling the Nyquist criterion.

In case of the operation mode with a temporally equidistant trigger, a linear move-

ment of the vertically aligned linear stage in the range of the axial region of interest

is assumed. Transient responses resulting from acceleration or deceleration of the scan

axis can be neglected due to an additional offset to the scan range zs. Another option

provides the position sensing of the scan axis with regard to the corresponding camera

frame. The axial position is measured by an encoder or another position tracking sensor

such as a more precise interferometric distance sensor (IDS), as discussed in Sec. 7.4.1.

Instead of triggering the camera and the light source in temporally equidistant steps the

Table 5.1: Maximum frame rate with respect to ROI of the used camera in the Mirau
based CSI, where the ROI is specified by the number of rows for a constant
column number of 2048 pixels.

Rows (pixels) 2048 1024 512 256 128 64 32 16 8 1

fcam (fps) 90 178 350 676 1265 2240 3055 3055 3055 3055
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triggering occurs in spatially equidistant steps, as schematically illustrated in Fig. 5.16b.

However, deviations from a linear movement of the scan axis result in a temporal non-

equidistant sampling interval, which in turn reduces the frame rate of the camera and

thus the measurement speed. Furthermore, inaccuracies in position sensing limit the step

size Δz and consequently, the accuracy of the CSI. A further approach provides a trigger-

ing in temporally equidistant steps with an additional axial position measurement of the

scan axis using an IDS. In case of deviations from a linear movement, a data sampling

in non-equidistant steps results. However, the LT-algorithm for signal evaluation applies

the Fourier transform, which is defined for an equidistant sampling interval. A solution

is given by non-equispaced fast Fourier transforms (NFFT) [248, 249] or by a resampling

using trigonometric interpolation as introduced in [154].

5.6.2 Stroboscopic illumination

The kind of illumination depends on the selected measuring process. In case of the

standard stepping mode, where the distance between microscope objective and investi-

gated object is successively changed step by step, the LED for illumination is continuously

driven by a constant electrical voltage. As a consequence, the exposure time of the camera

used in the interferometric setup is in the scale of two digit milliseconds. This means that

for a depth scan across a typical range of 10�m and approx. 300 collected frames with

an exposure time of 20 �s the measuring time is at least 6 s. For this calculation, a piezo

driven stage without a notable transient oscillation is assumed. Depending on the step

size and motion velocity of the applied stage, an additional time delay may be used to

take the transient oscillation of the stage into account.

In case of the measuring process described one paragraph before, where the camera

captures frames at equidistant time steps while the linear stage moves with a constant

velocity, a significantly lower exposure time of the camera is necessary. For this purpose,

the LED is triggered by short pulses of overvoltage and overcurrent resulting in an il-

luminated frame with a pulse energy comparable to that of the continuous illumination

with a significantly longer exposure time. These pulses are performed by the electronic

circuit depicted in Fig. 5.17. A trigger signal with a defined pulse length is transmitted by

an optocoupler to an MOSFET (metal-oxide-semiconductor field-effect transistor) driver,

which in turn controls the MOSFET Q1. The resistor R3 protects the gate of Q1, whereby

the chosen value of 10Ω constitutes a compromise between stability and switching speed

of the used MOSFET. In addition, the pull-down resistor R4 (10 kΩ) avoids unintentional

operations of the MOSFET. In order to protect the other electrical circuits such as the

signal evaluation circuit from feedbacks, the used circuit for pulse illumination is galvan-

ically isolated using of an optocoupler, which transmits the pulses and an isolator for the

electrical power supply. The latter generates an isolated voltage of 12V to supply the

optocoupler and MOSFET driver. This voltage is increased by a step-up converter up

to 30V, which is used to operate the LED. The resistor D6 protects the puffer capacitor

C6 (10 �F) from excessive current at the moment where the circuit is turned on. Subse-

quently, this resistor is closed during the operation. During the pulse, the MOSFET is

closed and the LED illuminates. The Schottky diode D1 prevents the LED from possible

destruction due to a too high reverse voltage in the shutdown process. In order to enable
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Figure 5.17: Electrical circuit of the stroboscopic illumination used for the measuring pro-
cess in Sec. 5.6.1 where the scan axis is consistently moved during the mea-
surement.

a measurement of the current, the resistor R5 with a value of 100Ω is used. Current peaks

up to 28A can be reached for a pulse width of 2 m and an isolated voltage supply of 20V

as investigated in [250] for illumination of a RGB interferometer.

The average of the axial distance zs covered during the illumination time ΔtLED equals

zs = ΔzfcamΔtLED = Δz
ΔtLED
Tcam

, (5.53)

with the period length Tcam for the integration time of the camera. Inserting typical

values such as Δz = 50nm, ΔtLED = 80 m and 90 fps for the camera frame rate, an

averaged distance of zs = 360 pm results. According to Eq. 2.18, this value corresponds

to an averaged phase shift of 0.518 for a center wavelength of 500 nm.

5.6.3 Practical realization

A photograph of the practical realization of the Mirau based CSI used in this study

is depicted in Fig. 5.18. This interferometer is mounted on a xy slope adjustment table,

which is vertically arranged at the linear stage LS110 manufactured by PI miCos GmbH.

With the xy slope adjustment table from Standa Ltd. the lateral measurement field of the

Mirau interferometer can be adjusted. In order to realize a Köhler illumination according

to Sec. 2.3.2 the light source and optical components are arranged on a micro bench made

by Qioptiq Photonics GmbH & Co. KG. Due to a chromatic lens pair (Thorlabs GmbH),

the LED surface is imaged by passing a beam splitter cube to the pupil plane of the

Mirau objective with a magnification of 3, filling the pupil completely. Since there is no

need to reduce the NA of illumination and due to controlling its intensity with regard to

the controller board described in the paragraph before, the Köhler illumination described

in Sec. 2.3.2 is reduced to an arrangement comprising an LED, the chromatic lens pair
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working as condenser lens and a beam splitter cube, corresponding to the schematic sketch

in Fig. 5.16. Usually, a diffuser plate is placed before the LED, which is imaged to the

pupil plane. However, the light losses are too high for the stroboscopic illumination and

thus, the diffuser is neglected in this arrangement.

Below an aluminum cube comprising a beam splitter cube with an edge length of

20mm the Mirau objective is mounted. Here, objectives of the CF IC EPI Plan DI

series by Nikon can be applied. An overview of the possible Mirau objectives including

their properties are listed in Tab. 5.2. At the opposite side of the aluminum cube is a

tube including a tube lens. These components of aluminum and brass are black colored

to reduce scattered light from the surfaces inside. Furthermore, the surfaces inside the

tube are coated with black fleece in order to absorb scattered light. The extension of

the tube with an additional tube, whose length can be adjusted, enables the adjustment

Camera

Adjustable tube

Orientation ring

xy slope adjustment

Illumination armTube lens

Beam splitter
cube

Mirau objective

Mirror

IDS mount

Linear axis

Figure 5.18: Photograph of the self-assembled Mirau interferometer.
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Table 5.2: Overview of Mirau objectives of the type CF IC EPI Plan DI from Nikon
Inc. [251] with the working distance (WD), the depth of field (DOF) deter-
mined for a wavelength of 550 nm and the field of view (FOV) resulting by the
application of the acA2040-90um Basler ace camera [252].

Magnification NA WD in mm DOF in m FOV in m× m

10x 0.30 7.4 3.06 1126.4× 1126.4

20x 0.4 4.7 1.72 563.2× 563.2

50x 0.55 3.4 0.90 225.28× 225.28

100x 0.70 2.2 0.56 112.64× 112.64

of the distance between tube lens and camera chip. The adjustable tube is mounted

on an orientation ring, which in turn is mounted over a fit to the tube below and thus,

allows a rotation of the camera around the optical axis. Hence, the orientation of the

measurement field with respect to other topography sensors used in the multisensor setup

can be adjusted.

Further, an USB3.0 camera of the type acA2040-90um by Basler AG with a CMV4000-

NIR chip is used. The CMOS chip comprises a size of 11.3× 11.3mm2 split into 2048×
2048 pixels. The pixel pitch is 5.5 m. Figure 5.19 depicts the spectral sensitivity of the

camera chip. The electrical current released by the exposed light is amplified linearly

and converted into a digital signal by a digital analog converter (ADC). Due to a 8 bit

resolution of the converted signal, the maximum frame rate of 90 fps is achieved for the

full field as well as the frame rates corresponding to the scaled FOV, as presented in

Tab. 5.1. Furthermore, the camera provides a 12 bit conversion mode, where the frame

rate is limited to 25 fps.
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Figure 5.19: Spectral sensitivity of the CMV4000-NIR camera chip used in the Mirau
interferometer [252].
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6 Confocal microscopy

Besides interferometric methods such as CSI confocal microscopy is one of the most

used optical measurement techniques for inspections of 3D surface structures with high

lateral and axial resolution. Due to high requirements of the system arrangement of a Lin-

nik based CSI, the Mirau setup is more common in the industry and thus, the NA of CSI

instruments is usually limited up to 0.7. In contrast, the confocal microscope is not lim-

ited in this way and its requirements for adjustment are lower in comparison to the Linnik

interferometer. Consequently, the confocal microscope provides higher detectable surface

slopes and improved optical lateral resolution due to its pinhole featuring as a spatial fil-

ter. In this chapter, the working principle of a scanning confocal microscope (SCM) and

its extension to a full-field measuring instrument are discussed. Furthermore, the SCM

applied in the multisensor measuring system as well as various evaluation algorithms are

presented.

Besides the SCM (see Sec. 6.1), other confocal microscopic approaches exist such as

differential confocal microscopy (DCM), as reported in several studies [253–258]. Here,

two detection pinholes with different axial locations are used, resulting in two axial shifted

confocal response signals after performing a depth scan. By forming the difference between

these signals, a response signal is obtained in which the zero crossing of the intensity is

related to the axial location with respect to the height value of the surface to be measured

instead of an intensity maximum as in case of a signal obtained with a conventional con-

focal microscope. The signal course around this point can be approximated by a straight

line. Therefore, the height position is determined identifying the zero crossing of the linear

relation and approximations of higher order such as a Gaussian fit are unnecessary. An

extension of this approach provides the digital differential confocal microscopy (DDCM)

where the DCM is digitally realized, as presented in [259, 260]. The benefits compared to

DCM are the reduction from two detection pinholes to one as well as an increased slope of

the linear range in the response signal, which leads to less costs and a higher axial accu-

racy. A further DCM approach introduced by Hausotte et al. [261] is based on a sinusoidal

modulated focal position. Besides a fiber-coupled confocal laser point sensor, the device

comprises an additional microscopic setup in order to locate the measurement point of

the confocal sensor on the surface under investigation. The focal position of the confocal

point sensor is sinusoidally modulated in axial direction by a tunable, acoustically driven

gradient-index (TAG) lens [261] or an oscillating pinhole by a tip-less cantilever from a

commercial AFM [262]. This enables a phase analysis using a lock-in amplifier to improve

the axial accuracy compared to a conventional SCM.

Chanbai et al. [263] present a line scanning confocal microscope (see Fig. 6.1) where

a pinhole mask and the detection system are tilted in one direction by a certain angle,

which yields a tilted focal plane at the object to be measured. Assuming a flat surface
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with a perpendicular orientation to the microscope objective, this means that each camera

pixel across the tilting axis represents laterally shifted points on the specimen, which are

referred to different z values of the axial response signal. Hence, a lateral motion of the

specimen results in a depth scan of the signals detected by these pixels. Furthermore,

the surface direction perpendicular to the tilt direction is simultaneously acquired by the

camera pixels arranged in this direction. Depending on limitations such as the frame rate

of the camera, large measurement fields are measurable in a short time. However, the

collected response signals across the tilted axis are limited by different scan ranges. While

the range of the response signals obtained from the central pixel of the laterally scanned

field is limited by the number of the camera pixels, the signals obtained from the boundary

of the scanned field are reduced in their axial scan range and may not contribute to an

evaluation due to less sample points. Moreover, vibrations caused by the lateral scan axis

affect the acquired response signals directly.

Specimen

Scan direction

Tilted focal plane

Field lens

Pinhole mask

Tube lens
Microscope
objective

BSC

Condenser
lens

Collector
lens

LED

Field stop

CCD

Imaging
lens

Figure 6.1: Schematic illustration of a line scanning microscope presented by Chanbai et
al. [263]. BSC represents a beam splitter cube and CCD a charged-coupled
device chip of a camera.

Chromatic confocal microscopy (CCM) provides a further method to realize a depth

scan without the usage of a mechanical scan axis. For this purpose, the dispersion effect of

optical components is utilized, as schematically displayed in Fig. 6.2. The refraction and

thus the focal length of a focused electromagnetic wave depends on the refractive index of

the applied optical components such as a lens, which in turn depends on the wavelength

according to Eq. 2.5. Assuming a broadband light source, the focal point of the wave

focused by a lens to an object under investigation differs for the various wavelengths.

Therefore, the wave of the wavelength that is in focus passes the pinhole (according to

the principle of a confocal microscope discussed in Sec. 6.1) in front of the used detector,

whereas the waves of the other wavelengths are blocked. With a spectrometer as detector

the wavelength of highest intensity can be identified (exemplified by the green wavelength

in Fig. 6.2), which in turn leads to the corresponding height value [264–267]. In order to

improve the accuracy of the evaluated height value the wavelength can be determined by

centroid or fitting algorithms [268, 269]. As for SCM, an extension to a full-field sensor is

also possible for a CCM using a rotating disc [270] and microlenses [271]. Spectrometers

are becoming cost reduced and smaller in their geometrical dimensions, e.g. the UV/VIS
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Figure 6.2: Schematically illustrated working principle of a chromatic confocal microscope.
The wave of green wavelength is in focus and thus, focused to the detector
pinhole. In contrast, the waves comprising the other wavelengths are blocked
by the detector pinhole, as shown by the reflection of the red wavelength
(dashed red line).

micro-spectrometer by Invision GmbH, the mini-spectrometer C12666MA of finger-tip

size from Hamamatsu Photonics [272], the ultra compact spectrometer PEBBLE from

Ibsen Photonics A/S [273] and other spectrometer chips [274, 275]. Besides the usage of

a spectrometer to identify the height value other approaches are also existing. Taphanel

et al. [276] replace the spectrometer by a multispectral camera in order to increase the

measurement velocity. Kim et al. [277] determine the height value using a CCM with a

transmittance detection method where two photomultiplier tubes (PMT) are used instead

of a spectrometer. In front of one PMT an optical filter is placed. Due to the wavelength

depending filter transmittance, the relation of the intensities measured with both PMTs

leads to the corresponding height value. The axial measurement range of a CCM suffers

of a limited range, which is due to the axial chromatic aberration of the used focus lens or

microscope objective. In [278–281], this range is extended by the usage of an additional

diffractive optical element (DOE) in front of or behind the objective. Note that the

axial relation between height and wavelength typically changes for such an arrangement

in comparison to a CCM without DOE, i.e. the focal length for a focused wave of blue

wavelength is higher compared to that for a red wavelength. Bai et al. [282] use a spatial

bandpass filter (disc placed in the focal plane of the used spherical lens blocking low and

high frequencies) to optimize the system parameters. It is shown that the combination of a

common spherical lens with a spatial bandpass filter provides a reduction of the spherical

aberration without changing the dispersion range substantially.

An alternative approach to realize a confocal imaging system is given by using slit

apertures instead of pinholes, as reported in [283–287]. Compared to a single-point SCM

this measuring method is featured by an increased lateral scan due to a line scan in

real time. The use of a moving mirror as galvano scanner to deflect the beam laterally

enables a full-field inspection of the surface to be examined. A further advantage is an



84 CHAPTER 6. CONFOCAL MICROSCOPY

increased signal level. The transfer behavior of an SCM with slit aperture is investigated

by Sheppard and Mao [283]. Sabharwal et al. [286] demonstrate a fiber based confocal

microendoscope with slit aperture, which enables an increased scan velocity. A further

alternative is based on structured illumination, which can be realized by a spatial single-

frequency grid pattern in the illumination arm, where the lateral position of the imaged

pattern is changed due to the laterally motion of the grid using a piezo driven positioner

[288, 289] or a DC motor driven linear stage [290]. Such a structured illumination can

also be generated using a liquid crystal-on-silicon (LCOS) microdisplay [291] or a digital

micromirror device DMD [126, 292–294]. Here, the LCOS and the DMD illumination

yield benefits compared to rigid grids due to a more flexible modifiability of the imaged

illumination pattern. The activated camera pixels are synchronized to the corresponding

locations of the imaged pattern, whereby the active pixels perform in combination with

the inactive pixels as diaphragm at the detector level. Due to a detection of multiple areas

of the surface to be measured simultaneously, the measurement velocity of a full-field scan

is much higher compared to that of an SCM with slit aperture mentioned before.

Another approach is provided by the 4Pi confocal microscope comprising two micro-

scope objectives, one is located in front of the measurement object and the second at

the opposite side [295–298]. Therefore, the object under investigation can be illuminated

from both sides, front- and backside. However, such a constellation is only applicable

for optical transparent specimens. Then, scattered light is collected by both microscope

objectives, overlapped by a beam splitter cube and finally converted into an electrical

signal. The resulting depth response signal features a reduced FWHM leading to an im-

proved axial accuracy. This method can be used for brightfield and fluorescence confocal

microscopy. Latter is a common optical inspection method in biology. The setup of a

fluorescence confocal microscope essentially corresponds to that of a conventional SCM.

Instead of collecting the scattered light for evaluation as in SCM, a fluorescence confocal

microscope uses the light emitted by fluorescent markers (fluorochromes) in the object to

be measured for imaging and depth sectioning, as reported in [299–302]. For this purpose,

the object is usually illuminated by a laser beam to stimulate the fluorochromes, which

emit light of a higher wavelength compared to that of the illumination. Consequently,

scattered light of the illumination wavelength can be separated from the light emitted by

the fluorochromes leading to an improved lateral resolution.

6.1 Working principle

Similar to CSI described in the chapter before, confocal microscopy is based on mi-

croscopic imaging. However, compared to CSI, temporal coherence is irrelevant for the

working principle of an SCM. Furthermore, a point source is used for illumination instead

of a spatially extended source as applied in CSI, leading to a spatially coherent illumi-

nation. The working principle is illustrated schematically in Fig. 6.3. The point source

is imaged by an objective lens to the surface of a specimen (dashed black line), which

is located in the focus of the objective lens. Then, the light focus spot on the surface is

imaged via a beam splitter and the objective lens to a pinhole and the light passing the

pinhole is collected by a detector such as a photodiode or a camera. This imaging process
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Figure 6.3: Schematic illustration of the working principle of a scanning confocal micro-
scope. The red light paths represent the imaging rays where the specimen
(dashed black line) is in focus, whereas the rays of a specimen located out of
focus (solid black line) are represented by the dashed blue lines.

is represented by solid red lines in Fig. 6.3. If the distance between surface and specimen

is changed due to a motion of the specimen in axial direction, the measured surface runs

out of focus and the light is no longer focused onto the pinhole, as demonstrated by the

dashed blue lines. As a consequence, the brightness of the light captured by the detector

decreases strongly. Therefore, a depth scan as treated for CSI where the distance between

objective and specimen is continuously changed in axial direction through the range of

before and behind the focal point of the objective, while the detected light is captured,

leads analogously to Eq. 5.6 to the total scattered electric field component [8, 303]

Es,k(ρ
′, z, ρ′0) =

k2

4π2

2π∫
0

θmax∫
0

P 2(θ)Es,k,θ,ϕ(ρ
′, z, ρ′0) sin (θ) cos (θ) dθ dϕ, (6.1)

where ρ′ represents the lateral coordinate in the plane of the circularly symmetric pinhole
with its center ρ′0. Note that this relation is valid for rotationally symmetric surfaces to
be measured, otherwise ρ must be replaced by x and y. Instead of an integration over the

intensities as for CSI the electric fields Es,k,θ,ϕ(ρ
′, z, ρ′0) are integrated due to the spatially

coherent conical illumination. The depth scan is considered in Es,k,θ,ϕ(ρ
′, z, ρ′0) by the

phase function

Φ(ks,ρ,Δz) = ei(kin,z+ks,z)z. (6.2)

Then, the resulting intensity for monochromatic illumination is

Is,k (z, ρ
′
0) ∝ |Es,k (ρ

′, z, ρ′0)|2 , (6.3)

where the lateral position is ρ′ = ρ′0 for an infinitely small pinhole. However, in practice
the pinhole size is finite, what is considered by an additional integration of the intensity
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over the area of the pinhole around the position ρ′0. A laser as light source provides

a monochromatic and spatially coherent wave. An alternative light source is given by

polychromatic light sources such as LEDs, which require a pinhole at the position of the

point source in Fig. 6.3 to ensure spatially coherent illumination. As a consequence, the

consideration of a polychromatic illumination requires the integration of the intensities

resulting for each monochromatic wave

Is(z) =

∫
Is,k(z, ρ

′
0) dk. (6.4)

The simulated ideal depth response for a microscope objective with an NA of 0.95 and

an illumination source with a central wavelength of 500 nm is shown in Fig. 6.4a marked

by the dash-dotted violet line. On the other hand, the depth response for a finite pinhole

size with assumed radii of 15 �m, 20 �m and 30 �m are depicted by a solid blue, a solid

green line and a red dashed line. A comparison between the response signals obtained by

the infinitely small pinhole size and the finite pinholes of 15�m and 20 �m radii shows a

similar signal course above the half maximum value. However, the courses differ below

the half maximum value. The intensities at the location of the first minimum next to the

main lobe of the response signal obtained by a infinite small pinhole increase with rising

pinhole size and thus, the side lobes become less recognizable. In case of a response signal

caused by a pinhole with a radius of 30�m (red dashed line), no side lobes appear and

the FWHM is noticeably increased, but still lower compared to that of the conventional

microscope (black dash-dotted line). Note that the pupil function is assumed as P = 1

for the numerically simulated depth responses. Investigations of Corle and Kino [8] show

similar results comparing the FWHMs of various depth responses for different pinhole

sizes and NAs. As a result, the FWHMs are nearly constant for a certain number of

pinhole sizes. This number increases with decreasing NA. An example is provided in [8]

for an objective with an NA of 0.95 and an illumination wavelength of 546 nm, where the

FWHM is nearly constant for pinhole radii from the theoretical value of an infinitely small

size up to 30 �m. In the paraxial approximation, the depth response for a plane mirror

can be simplified to [8]

I(z) = sinc2 (knz (1− cos (θmax))) . (6.5)

This depth response is obtained under the assumption that P 2(θ) = 1 and the amplitude

term cos(θ) ≈ 1 in Eq. 6.1. The simplified depth response according to Eq. 6.5 is depicted

in Fig. 6.4a (orange dash-dot dotted line) for the same parameters as are used for the

other plotted functions. A comparison between the simplified depth response and the

numerically integrated function according to Eq. 6.1 shows small discrepancies. The

first minima besides the global maximum are zero, whereas those of the numerically

integrated function exhibit a value greater than zero. Apart from the previously mentioned

discrepancies, the simplified function according to Eq. 6.5 shows a good approximation to

the numerically integrated function with an infinitesimal pinhole, despite the small angle

approximation at an NA of 0.95.

An advantage of a confocal microscope is its optical sectioning property due to the

filtering by the pinhole, as demonstrated by comparison of the depth responses obtained
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Figure 6.4: a) Depth responses of a confocal microscope, which are numerically integrated
according to Eq. 6.3 considering a theoretically infinitely small pinhole size
(violet dash dotted line) as well as finite pinhole radii of 15 �m (blue line),
20 �m (green line) and 30 �m (red dashed line). The orange dash-dot dotted
line represents the simplified depth response according to Eq. 6.5 and the
black dashed dotted line hold for a conventional microscope. For comparison,
all depth responses are calculated for an objective lens with an NA of 0.95
and an illumination wavelength of 500 nm. b) Juxtaposition of multiple depth
responses with different NA, calculated according to Eq. 6.3.

by the confocal and a conventional microscope in Fig. 6.4a. The FWHM of the depth

response of the conventional microscope (black dash dotted line) is much larger compared

to the confocal microscope. Note that the depth response of the conventional microscope

is generated using the simplified expression of a sinc function as presented by Abdulhalim

[23]. A comparison with a practical response signal measured by the SCM used in the

multisensor measuring setup follows in Sec. 6.5. The influence of the NA to the depth

response and the depth of field (DOF) defined by [8]

dz =
0.45λ0

n (1− cos (θmax))
≈ 0.9nλ0

NA2 (6.6)

is illustrated by broadened signal curves in Fig. 6.4b, where the depth responses for

various NA are depicted. In these depth responses, the DOF is represented by the FWHM.

However, the approximated part in Eq. 6.6 is only valid for NA values less than approx. 0.5

[8]. With increasing NA, the FWHM and thus, the DOF, which defines the range of a

sharp image around the focal plane of the microscope objective, decreases.

6.2 Image formation

The incoherent and coherent image formation of a conventional microscope are dis-

cussed in Sec. 2.3.4. As mentioned in the paragraph before, the working principle of a

confocal microscope is based on a spatially coherent illumination and thus, coherent im-

age formation according to Eq. 2.74 occurs. However, instead of a collimated illumination
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as assumed for the conventional microscope, the illumination in case of a confocal mi-

croscope is realized by imaging the pinhole to the object plane, which corresponds to a

convolution of h(x, y) according to Eq. 2.72 with a delta peak considering an infinitely

small pinhole size. Assuming identical objective lenses for illumination and detection, the

resulting detected image intensity corresponds to

Ii =
∣∣h2 ∗ ψs

∣∣2 . (6.7)

Consequently, the amplitude PSF of a confocal microscope corresponds to h2. Figure

6.5 depicts the intensity PSFs of the conventional I = |h|2 (blue line) and the confocal

microscope I = |h2|2 = h4 (red line). A comparison with the PSF obtained by the

conventional microscope (blue curve) shows that of the confocal microscope has a lower

FWHM as well as side slopes with reduced amplitude, as expected by the square of h2.
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Figure 6.5: PSFs of the conventional (blue) and confocal (red) microscope. The lateral
position is normalized to krNA.

The CTFc of the confocal microscope results by the Fourier transform of the PSF

Hc = F {h2} = H ∗H (6.8)

and thus equals to the OTF of the conventional microscope according to Eq. 2.77. With re-

spect to this relation, the optical transfer function of the confocal microscope corresponds

to

Oc(kx, ky) = Hc ∗Hc =

∞∫∫
−∞

∣∣h2(x, y)∣∣2 e−i(kxx+kyy) dx dy. (6.9)

In Fig. 6.6 the MTF of the confocal microscope (red curve) assuming an infinitesimal

pinhole size is depicted and compared to the MTF of a conventional microscope (blue

curve). The spatial frequency kρ is normalized by the spatial cutoff frequency kc = 2NA k.

Note that the transfer function of the confocal microscope is twice the cutoff frequency

of the conventional microscope with spatially incoherent illumination [304]. However,

this limit is not reachable in practice, where a finite pinhole size has to be considered.

Investigations of the influence of a pinhole with various finite radii to the transfer behavior

are presented in several studies [304–306]. For a pinhole of finite radius rp, the OTF can
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be described by the relation [304]

Oc =

∫∫
A

HcHc
2πrp
kρM

J1 (kρrp) ρ
′dρ′dϕ, (6.10)

where kρ =
√
k2x + k2y. A represents the integration area of the pinhole and M the

magnification of the optical imaging system. In Eq. 6.10, a finite diameter is only assumed

for the detector pinhole, while for the illumination pinhole an infinitely small diameter is

assumed resulting in a spatially coherent source. The MTFs of a confocal microscope with

a pinhole radius of 25 �m and a magnification of 50x (green curve) as well as 100x (violet

curve) are depicted in Fig. 6.6. These functions are generated by a simulation program

analogous to the approach presented by Pahl et al. [303] assuming a point scatterer as a

measurement object. As displayed in the figure, the course of the MTF approaches the

course of the MTF of a conventional microscope with increasing radius of the pinhole in

the object plane. The diameter of the pinhole is given in airy units (AU = 1.22λ/NA). In

particular, the green curve is more in line with what is expected from a typical confocal

microscope in practice caused by limitation of the lateral resolution as discussed in the next

section. Note that for the curves shown in Fig. 6.6, an integration over the detector area

(pixels) is not considered. In addition, for confocal microscopes with spatially incoherent

illumination sources, an integration over the intensities of another pinhole with finite

radius at the position of the illumination must be taken into account. The consideration

of a finite illumination pinhole and an infinitely small detector pinhole leads to the same

MTFs, which are shown in Fig. 6.6 for finite detector pinholes.
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Figure 6.6: MTFs of a conventional microscope with spatially incoherent illumination
(blue) and a confocal microscope with various pinhole diameters defined in
airy units AU. kc = 2NA k represents the spatial cutoff frequency.
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6.3 Lateral resolution

As expected from the MTF of the confocal microscope the lateral resolution is im-

proved compared to a conventional bright-field microscope. This improvement can be

traced back to the filtering properties of the illumination and detection pinholes. Similar

to a conventional microscope the single-point resolution of a confocal microscope is de-

fined by the FWHM of the main lobe of its intensity PSF, which follows from squaring

due to the pinhole as shown in Fig. 6.5 [8]:

δs = 0.37
λ

NA
. (6.11)

In case of two-point resolution the Rayleigh and Abbe criteria are appropriate definitions

of the lateral optical resolution limit in microscopy, as discussed in Sec. 2.3.4. According

to the Rayleigh criterion the lateral resolution is defined by the distance between two

adjacent points on the investigated surface, where the maximum of one PSF is located at

the first minimum next to the main lobe of the other PSF. This leads to the relation

δRc = 0.61
λ

NA
(6.12)

for conventional microscopes. The resulting intensity of such an overlap is shown in

Fig. 6.7a and compared to that obtained by a confocal microscope. The minimum between

the superposed intensities obtained by a conventional microscope (blue) drops to 73.5%,

which leads to a contrast of approx. 15% according to Eq. 2.22. Compared to this value,

the contrast of the confocal case (red) shows an improvement of almost double. Assuming

the same contrast for the confocal and the conventional microscope, the resolution limit
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Figure 6.7: Two point resolution of a confocal microscope (red) compared to a conven-
tional microscope (blue) for a) Rayleigh criterion according to Eq. 6.12, 6.13
and b) Abbe criterion. The dashed lines represent two adjacent PSFs obtained
by the confocal microscope.
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for a confocal microscope can be defined by

δRc = 0.565
λ

NA
, (6.13)

leading to an improvement of approx. 7.4%. The intensities caused by the superposition

of two adjacent points with a distance to each other according to the Abbe criterion are

depicted in Fig. 6.7b. Here, the contrast of the confocal case is higher compared to the

conventional microscope. However, the discrepancy between these two contrast values

is decreased leading to an improvement of approx. 1.6% for the lateral resolution of a

confocal microscope. If the distance between the two points follows the Sparrow criterion,

the contrast reduces to zero for both, the conventional and confocal system. Therefore,

the optical resolution limited by the Sparrow criterion is the absolute resolution limit for

two-point resolution and is not improved using a confocal instead of a conventional micro-

scope. In case of Rayleigh and Abbe resolution the contrast is improved using a confocal

microscope resulting in a better distinction between two adjacent points compared to a

conventional microscope. According to Eq. 6.13 the lateral resolution of confocal micro-

scopes is limited by a value in order of approx. 270 nm, resulting for an NA of 0.95 and

an optical wavelength of 460 nm. Note that this value gives the minimal distinguishable

distance between two adjacent points of the surface to be measured.

For determining of the lateral resolution of 3D height structures the ITF provides an

appropriate approach as for the conventional microscope, discussed in Sec. 5.4. Such an

ITF is obtained by Hagemeier and Lehmann [124] for the confocal microscope described

in Sec. 6.5 using two different microscope objectives. For this purpose, multiple mea-

surements are performed on a RS-N standard by Simetrics GmbH [307], which comprises

rectangular structures of various period lengths. Each rectangular structure is measured

ten times by the confocal microscope using a 50x and 100x objective. The step heights

resulting from the average of the ten repeated measurements are listed in Tab. 6.1. For ref-

erence, the step heights of each rectangular structure are measured 10 times with an AFM.

For this purpose, the probe tip EBD-HAR made of high density carbon from Nanotools

GmbH [118] is used. This probe tip has an opening angle of less than 8 � and is therefore

particularly suitable for measuring steep edges. The averaged results are also listed in the

table.

Table 6.1: Measured step heights of rectangular gratings with various periods Λ at a RS-N
standard from Simetrics GmbH. The step heights are obtained using an SCM
with different microscope objectives (100x, NA = 0.95 and 50x, NA = 0.95) and
an AFM. Each step height results from averaging of 10 repeated measurements.

Λ (�m) 6 4 3 2 1.2 0.8 0.6 0.4

zAFM (nm) 191 191 191 188 180 170 168 151

zSCM,50x (nm) 196 195 191 178 124 71 - -

zSCM,100x (nm) 196 199 199 200 199 133 109 14

The ITFs resulting from the relation of a reference height measured by the AFM and

the step heights measured by the SCM are depicted in Fig. 6.8. Although the NA is the
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same for both microscope objectives used in the SCM, the ITF of the confocal microscope

with a 100x objective (red curve) gives higher values at lower spatial wavelengths Λ

compared to the 50x objective (blue curve). This indicates a better lateral resolution

when the 100x objective is used, as a consequence of a too long sampling interval in

case of the 50x microscope objective. According to DIN EN ISO 25178-604 [199] and

VDI/VDE 2655-1.3 [198] the spatial wavelength Λ50% related to a decrease of 50% to the

real height is defined for CSI by Λ50% = 2ΛR, where ΛR represents the lateral resolution

according to the Rayleigh criterion. Based on the assumption that this relation is valid for

SCM too, Λ50% is 600 nm according to Eq. 6.13 and a central illumination wavelength of

505 nm. In case of the SCM with a 100x objective, the ITF equals 50% of the maximum

value at a spatial wavelength of 547 nm, which is below the expected value. Assuming

that the determined height value for a period of 0.6 �m is an outlier and the range of the

ITF between the periods 0.4 �m and 0.8 �m can be approximated by a straight line, Λ50%

corresponds to a period of 630 nm. The determined period lengths Λ50% for the 100x

objective are close to the expected value of 600 nm, whereas Λ50% for the 50x objective

corresponds to approx. 924 nm, which is significantly higher than the expected value. A

comparison between the two ITFs reveals the influence of undersampling and a too long

integration interval on the lateral resolution.
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Figure 6.8: ITFs of SCM using a 50x and 100x microscope objective. For reference, the
step heights measured by an AFM are used.

An improvement of the optical resolution limit is achieved using techniques such

as confocal fluorescence [308, 309] or scanning near-field microscopy (SNOM) [310–314].

However, while fluorescence microscopy is limited to measurement objects consisting of

fluorochromes, the working distance in an SNOM is close to the surface under test.

6.4 Full-field application

In order to achieve a 2D height profile or a 3D height topography of the surface under

investigation multiple sensor realizations exist. One realization is given by a point-wise

sensing with an arrangement according to the schematic in Fig. 6.3, where the sensor works

as a profilometer based on a lateral scan in one dimension [315]. Repeating such line profile

measurements at laterally shifted positions enables an acquisition of 3D height topography.
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Corresponding point sensors with minimized geometrical dimensions by using a single-

mode fiber as illumination and detection pinhole are treated in [316–318]. However,

the acquisition of a 3D topography requires a motion of the sensor or the object to be

measured using two lateral scanning axes. Hence, vibrations caused by the movement of

these axes affect the measured height values. Such influences are avoided by a confocal

3D imaging using a confocal laser scanning microscope with two mirrors for scanning in

x and y-direction [319]. A rotation of one mirror about a certain angle causes a lateral

shift of the light spot on the surface under investigation. As a consequence of such a

single-point acquisition of height values, a full-field measurement can be realized by fast

scanning galvano scanner to keep the measurement time low. Note that an additional

depth scan is necessary to obtain an axial response signal according to Eq. 6.1.

An alternative provides the usage of a rotating multiple pinhole disc, which enables

the point-wise measurement of multiple points on the investigated surface at the same

time [320, 321]. Each pinhole in the disc represents an illumination and detection pinhole,

simultaneously. A rotation of the pinhole disc leads to a lateral scan of multiple points on

the specimen surface. Due to a certain lateral configuration of the pinhole locations, the

whole field of view is acquired during one disc rotation. While the single-point measuring

method to achieve the confocal principle is still considered, the measurement time is

significantly reduced and thus also the influence of environmental disturbances, as shown

by comparison measurements between these different realizations of the confocal principle

in [124]. Several pinhole disc arrangements exist, such as the well-known Nipkow disc

and the so-called multi-pinhole disc patented by Nanofocus AG [322]. A Nipkow disc

comprises pinholes with a deterministic arrangement consisting of multiple Archimedean

spirals starting from the center extending to the outer boundary of the disc, as depicted

in Fig. 6.9a. On the other hand, the pinholes of the multi-pinhole disc (see Fig. 6.9b) are

statistically distributed with the condition that the distance between two adjacent pinholes

does not fall below a certain value to avoid crosstalk. In order to consider the latter point

a) b)

Figure 6.9: a) Schematic illustration of a Nipkow disc and b) photograph of a
800× 800 m2 section of a multi-pinhole disc with random distribution of the
pinhole locations. The red circle in a) shows an exemplary area corresponding
to the field of view.
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and still obtain a high density of pinholes in the measuring area, a recommended distance

between these pinholes is between 10 to 30 times the pinhole diameter, as investigated by

Petráň et al. [323] and confirmed by Fewer et al. [324].

Park et al. [325] use a confocal microscope with a dual disc from Yokogawa Electric

Corporation to achieve a full-field measuring instrument. The upper disc comprises 20000

microlenses in order to focus incoming laser light to the corresponding pinholes of a

subjacent Nipkow disc, which comprises 20000 matched pinholes with a diameter of 50 �m.

A beam splitter between these two discs enables a separation of illumination and imaging

light. By using microlenses in the illumination path, reflections from the top of the Nipkow

disc are reduced and the light efficiency is increased. This realization enables a full-field

detection with up to 1000 frames per second [326, 327]. However, the lateral positions

of the microlenses need to be adjusted to the position of the pinholes of the Nipkow

disc. A similar configuration is used by Azuma and Kei [328], as depicted in Fig. 6.10a.

A dual disc is used, where the upper disc provides microlenses for illumination and the

subjacent Nipkow disc comprises a corresponding number of pinholes. This differs from

the configuration before due to additional microlenses below the Nipkow disc located to

the positions of each pinhole. The microlenses below the pinholes increase the NA of the

tube lens in order to improve the lateral resolution. However, the distances between the

pinholes are increased and thus, the density of scanning points is reduced.

In order to increase the signal modulation suffering from internal reflections in a con-

focal microscope, a tandem-scanning reflection microscope is used by Petráň et al. [329].

The tandem-scanning system provides a spatial separation of the illuminated and the im-

aged beams. For this purpose, the pinholes of one side of the Nipkow disc are illuminated

by the light source while the imaging of the object plane occurs due to the pinholes on the

opposite side of the same Nipkow disc, as shown in Fig. 6.10b. Therefore, no reflections

caused by the surface of the pinhole disc which affect the signal. This requires a disc with

definitely located pinholes as yielded by the Nipkow disc depicted in Fig. 6.9a. However,

due to the spiral shaped arrangement of the pinholes, the pinholes in the field of view of

the detection side are mirrored across the x and y axes compared to those of the imaging

side. Hence, the spatial overlapping of the illumination and detection pinholes is executed

by two inverting systems. Another possibility to avoid reflections from the backside of

the pinhole disc uses a tilt with respect to the optical axis, as treated in several studies

[330, 331] and also applied in the confocal microscope used in the multisensor measuring

setup. A further method is provided by a confocal microscope with an objective assem-

bled by a microlens array [270, 332, 333]. Incoming light emitted from a point source and

collimated by a lens is focused to different points on the surface of the specimen by the

microlenses. These microlenses collect the scattered light from the specimen and colli-

mate these beams via a beam splitter to a lens, which focuses these beams to a pinhole.

After passing this spatial filter the light is detected. Consequently, each microlens works

in combination with the pinholes as a confocal microscope. Benefits of this arrangement

are given by an extended measurement field and an improved light efficiency compared to

the use of a pinhole disc. As for the arrangement in Fig. 6.10a, using a microlens array as

the microscope objective provides a lower density of measurement points on the surface

to be measured.
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Figure 6.10: Schematic illustrations of two configurations yielding a confocal microscope.
a) Dual-disc arrangement comprising microlenses in the upper and a combi-
nation of pinholes with microlenses in the bottom disc, obtained from [328].
BS represents a beam splitter. b) Tandem-scanning confocal microscope,
taken from [329].

6.5 Instrumental setup

Due to its improved lateral resolution and different working principle compared to

CSI, an SCM provides an optical reference sensor to investigate the transfer behavior of

both topography sensors. For this purpose, a surf custom made by Nanofocus AG is

integrated in the multisensor measuring system (see Ch. 3). A photograph of the SCM

is shown in Fig. 6.11b and a related schematic diagram to illustrate the illumination and

imaging paths in Fig. 6.11a. A multi-pinhole disc according to the photograph (Fig. 6.9b)

is applied. The light emitted by an LED is collimated by a lens and illuminates the

backside of the multi-pinhole disc. In order to prevent background noise due to reflections

from the backside of the rotating disc the camera chip arising the disc is tilted with respect

to the optical axis of the illumination path. Multiple pinholes are simultaneously imaged

by a combination of tube lens and microscope objective onto the surface of the specimen

realizing a confocal illumination. The confocal imaging of the surface occurs by this lens

system to the identical pinholes of the multi-pinhole disc, which in turn are imaged by a

second lens system to the CCD chip of the used camera with an entire magnification of

M =MOMTML1ML2 = 0.453MO (6.14)

according to the relation of Eq. 2.64. In contrast, the image of the pinholes on the surface

under investigation and vice versa is magnified by

MS1 =MOMT, (6.15)
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Figure 6.11: Schematic diagram of a full-field confocal microscope and a photograph of
the used confocal microscope in the multisensor setup.

where MO is the magnification of the microscope objective and MT that of the tube lens.

ML1 and ML2 represent the magnifications of the lenses in the second lens system. Each

magnification value can be extracted from Fig. 6.11 except for MO. This value depends

on the used microscope objective. In this work, objectives with magnifications of 50x and

100x (see Tab. 6.2) made by Olympus Corporation are used.

Table 6.2: Overview of M-Plan apochromatic microscope objectives by Olympus Corpo-
ration used for SCM with working distance (WD) as well as the resulting field
of view (FOV), optical lateral resolution δRc according to Eq. 6.13 for a central
wavelength of 505 nm and lateral sampling interval Δxs in the object plane.

Magnification NA WD in mm FOV in m× m δRc in nm Δxs in nm

50x 0.95 0.3 320× 320 300.3 326.7

100x 0.95 0.35 160× 160 300.3 163.4
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Due to the rotating pinhole disc, the whole measurement field is laterally scanned

within one rotation and captured camera frame. A step wise axial movement of the

microscope objective using a vertically oriented piezo driven linear stage performs a depth

scan, while a camera captures a frame of the surface under test at each equidistant step.

The camera Pike F-100b by Allied Vision Technologies GmbH is used, comprising a KAI-

1020 CCD chip by ON Semiconductor Corporation [334] and a FireWire connection to

transfer the acquired data with 8-bit resolution and a frame rate of 60 fps to a PC. The

pixel width of the camera is 7.4�m in x and y-direction, which in combination with the

entire system magnification according to Eq. 6.14 results in a lateral sampling interval

Δxs of 326.7 nm for the 50x and 163.4 nm for the 100x objective lens in the object plane.

Consequently, the Nyquist criterion to reach the optical lateral resolution according to

Eq. 6.13 is not satisfied and hence, the possible lateral resolution of 300.3 nm with regard

to Eq. 6.13 is not achieved for both objectives. However, using the 100x objective the

optical resolution of 324 nm satisfying the Rayleigh criterion for a conventional microscope

according to Eq. 6.12 is almost fulfilled. The specified values for the optical resolution are

calculated for a central wavelength of 505 nm using a LUXEON Rebel LXML-PE01-0070

LED by Lumileds Holding B.V. [335] for illumination.

The depth response detected by a certain camera pixel of the previously described

SCM during a measurement on a flat aluminum mirror is depicted in Fig. 6.12 and marked

by an orange line. This response signal yields an FWHM of approx. 420 nm. In addition,

numerically simulated response signals according to Eq. 6.3 are compared to the mea-

sured signal in Fig. 6.12. It can be seen that the response signal obtained by simulation

with an infinitely small pinhole does not exactly agree to the course of the measured

one. The same is true for the simulated response signals caused by finite pinholes rp
of 20 �m and 30 �m, which are previously introduced in Fig. 6.4a. A better agreement
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Figure 6.12: Comparison of signals measured by the SCM (solid orange line) described
in this section and numerically simulated signals according to Sec. 6.1 with
infinite as well as finite pinhole sizes of various radii rp. The latter takes into
account not only the pinhole radius rp but also the pupil function P (θ) =
cosm(θ).
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to the course of the measured response signal shows the simulated signal with a pinhole

radius of 25 m. However, this response signal is obtained assuming a pupil function

P = cosm(θ) =1, whereas a simulated response signal received by a pinhole radius of

22 m and P = cos1/2(θ) exhibits a similar course. Consequently, the pinhole radius is

probably in range of 25 m, but cannot be precisely defined at present due to unknown

apodization and other influences, as indicated by the slightly asymmetric shape of the

measured response signal. Besides a confocal measurement, the surf custom provides a

conventional microscopic mode to observe the surface to be measured due to an angu-

lar section without pinholes in the multi-pinhole disc. Note that this microscopic mode

provides no topography measurement and enables only a microscopic observation for ori-

entation.

6.6 Signal analysis

As discussed in Sec. 6.1, the depth response signal resulting from an SCM measure-

ment comprises an intensity curve, which continuously increases towards the focal point

where the z-value of its maximum represents the measured height value. Such a signal

is available for each camera pixel representing the lateral sampling point on the surface

under investigation, as illustrated in Fig. 6.13. Each captured camera frame constitutes

a sampling point in z direction regarding the response signal of the corresponding cam-

era pixel, whereby the distance between two adjacent sampled points Δz depends on the

camera frame rate and the scan velocity according to Eq. 5.51. Determining the height

value of each response signal, the 3D surface topography of the measuring object is re-

constructed. In order to calculate the height values by detecting the maximum intensity
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Figure 6.13: Depth response signal (blue curve) given by the intensity values of a single
pixel of multiple frames captured by the SCM camera at different z posi-
tions. The red points at the response signal mark the intensity value of the
corresponding frame.
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of the corresponding response signals, various evaluation methods exist. The detection of

the maximum intensity of the available sample points is an inaccurate approach in com-

parison to other methods. Firstly, the axial resolution is limited by the sampling interval,

which is typically in a range of 20 nm - 80 nm. Furthermore, this evaluation method is

sensitive to signal noise and outliers. However, this approach can be considered to define

an evaluation section, which is necessary to apply appropriate evaluation methods such

as centroid and fitting algorithms. This section of interest is specified by signal thresh-

olds, which in turn are defined with respect to the maximum intensity or the FWHM of

the response signal to be evaluated. Usual thresholds are in a range of 50% - 80% with

respect to the maximum intensity.

In the following sections an overview of various evaluation algorithms, which are

implemented in a self-programmed evaluation software based on the programming lan-

guage C++, is presented. The centroid algorithm as well as fitting methods comprising

parabolic, Gaussian and an exponential function with a cubic argument are discussed. A

comparison of centroid and various fitting methods is treated in several studies [268, 336–

338]. Note that the following algorithms are also appropriate to compute the maximum

of the envelope of the depth response signal obtained by CSI (see Sec. 5.5.1) and thus, its

corresponding height value.

6.6.1 Centroid method

The centroid evaluation algorithm impresses by a high axial accuracy and a short

computation time. The maximum of the response signal to be evaluated is determined

by computing its center-of-gravity. For this purpose, the sum of the products of intensity

values I with their related axial positions z is calculated and divided by the sum of

intensity values, which results in the height value

hlinear(x, y) =

N−1∑
j=0

z(j)I(j)

N−1∑
j=0

I(j)

, (6.16)

where N represents the number of intensity values contained in the sampled discrete

response signal. Due to its linear relation, this evaluation method is also known as linear

centroid algorithm. A further approach is provided by the square centroid method [339]

where the intensity values are squared as follows

hsquare(x, y) =

N−1∑
j=0

z(j)I2(j)

N−1∑
j=0

I2(j)

. (6.17)

Therefore, the intensity values closer to the maximum are weighted higher and thus,

the square centroid method attains more robustness against influences such as noise in

comparison to the linear approach.
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6.6.2 Fitting method

In case of fitting methods the shape of the investigated response signal is recon-

structed by an appropriate function, which is fitted to the sampled intensities of the ROI

determined by a threshold. To find an appropriate function f(z) that fits the measured

intensity curve I(z), a measure of agreement is used such as a least-square value

min
N−1∑
j=0

(I(zj)− f(zj))
2 . (6.18)

Frequently used functions for fitting I(z) are parabolic and Gaussian functions [339].

Under the assumption that the response signal can be approximated by a sinc2-function

according to Eq. 6.5, it is obvious to utilize a sinc2-function for fitting, as proposed by

Tan et al. [340]. In this context, a Levenberg-Marquardt algorithm [341, 342] can be used

to solve the nonlinear least-squares problem. As mentioned before, a parabolic function

of the form

f(z) = a2z
2 + a1z + a0, z ∈ {zl, . . . zr} (6.19)

can be used to approximate the response signal approximately in a region defined by a

left and right border zl and zr. The parameters a0, a1 and a2 are determined by solving

the equation system ⎡
⎢⎣ I(zl)

...

I(zr)

⎤
⎥⎦ =

⎡
⎢⎣z

2
l zl 1
...

...
...

z2r zr 1

⎤
⎥⎦
⎡
⎣ a2
a1
a0

⎤
⎦ (6.20)

using QR decomposition [343]. Setting the derivation of f(z) to zero, the axial position

of the maximum and thus the height value results in

hparabolic(x, y) = − a1
2a2

. (6.21)

A further appropriate fitting function is provided by a Gaussian function of the form

I(z) = Imax e
− (z−z0)

2

2σ2
e = Imax e

a2z2+a1z+a0 , (6.22)

where z0 represents the axial position of the maximum intensity, σe describes the width of

the Gaussian function and Imax represents the maximum intensity. In order to solve the

least square problem the natural logarithm is taken from I(z), which leads to the relation⎡
⎢⎣ ln (I(zl))

...

ln (I(zr))

⎤
⎥⎦ =

⎡
⎢⎣z

2
l zl 1
...

...
...

z2r zr 1

⎤
⎥⎦
⎡
⎢⎣ − 1

2σ2
e

z0
σ2
e

ln (Imax)− z20
2σ2

e

⎤
⎥⎦ . (6.23)

Following Eq. 6.21, the resulting height value is

hGaussian(x, y) = − a1
2a2

= −
z0
σ2
e

−2 1
2σ2

e

= z0. (6.24)
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Note that the centroid and fitting algorithms presented before are defined for a symmet-

rical course of the response signal with a symmetry axis at its maximum. However, in

practice the measured response signals are often asymmetrical due to aberrations and

further influences [344–347]. Chen et al. [348, 349] investigate the influence of aberration

on axial response signals and compensate deviations by using a corrected parabolic fit-

ting algorithm. A further case of asymmetry is provided by response signals obtained in

stratified media of various refractive indices [350]. For such response signals, increased

deviations between the evaluated and the correct height values are expected using the

previous mentioned evaluation methods. An improvement of the evaluation accuracy

provides an exponential function with a cubic argument as follows

I(z) = Imax e
a3z3+a2z2+a1z+a0 , (6.25)

where an improved adaption to asymmetric signals is expected due to the polynomial

argument of third order. The least square problem to determine the parameters of the

polynomial function can be solved in the same way as for the Gaussian fit before. There-

fore, the natural logarithm is taken from I(z) leading to

⎡
⎢⎣ ln (I(zl))

...

ln (I(zr))

⎤
⎥⎦ =

⎡
⎢⎣z

3
l z2l zl 1
...

...
...

...

z3r z2r zr 1

⎤
⎥⎦
⎡
⎢⎢⎢⎣

a3
a2
a1

ln (Imax) + a0

⎤
⎥⎥⎥⎦ . (6.26)

As a consequence of determining the maximum of the cubic polynomial function due to

its derivation, two possible solutions

z1,2(x, y) = − a2
3a3

±
√(

a2
3a3

)2

− a1
3a3

(6.27)

exist. In order to determine the correct height value h(x, y) from this relation, it is exploit

that the cubic function comprises of two extremes (a maximum and a minimum) and thus

only the maximum contributes to the searched height value, i.e. the height value arises

from

hcubic(x, y) =

{
z1(x, y), I(z1) > I(z2)

z2(x, y), otherwise.
(6.28)

The advantage of the cubic evaluation algorithm compared to other methods is demon-

strated by the response signal (blue curve) depicted in Fig. 6.14. This signal is obtained

by a measurement on a layer thickness measurement standard [351] using the SCM de-

scribed in Sec. 6.5. It is measured on chip no. 5, where a rectangular grating of SU-8

(visual transparent photoresist) is located on a 10 nm thick chromium (Cr) layer, which

in turn is bedded on an approx. 525 �m thick Si layer. The thickness of the SU-8 layer

amounts to 4.1 �m. Note that the refractive indices are not taken into account for the

scaling of the z axis in Fig. 6.14. The depicted response signal comprises an asymmetric

lobe (left one) resulting at the Cr to SU-8 transition and a lower nearly symmetric lobe

(right one) caused by the transition from air to SU-8. As demonstrated in Fig. 6.14a,
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Figure 6.14: Comparison of various evaluation algorithms applied to a response signal
(blue) obtained from a layer thickness standard [351], where the left asym-
metric lobe results from a Cr to SU-8 transition and the right lower lobe from
the transition of air to SU-8. In a) the threshold factor is 0.5 with regard
to the maximum intensity and in b) 0.7 is chosen to define the evaluation
section. The exponential function with a cubic argument (red), a Gaussian
(green) and a parabolic (violet) fitting function, where the location of the
maximum is marked by a cross are compared. In addition, the results of the
linear (brown dot) and square (orange dot) centroid evaluation methods are
plotted.

the course of the fitting functions resulting by the parabolic (violet curve) and Gaussian

(green curve) evaluation algorithms deviate from the left asymmetric lobe of the measured

response signal and thus, the evaluated height values (marked by crosses) are not at the

maximum of the response signal. An even higher deviation is caused by the linear and

square centroid evaluation algorithms, whose height values are represented by a brown

and an orange dot in Fig. 6.14. In contrast, the cubic function reproduces the course of

the response signal quite accurately, as shown by the red curve. Therefore, the height

value resulting from the cubic algorithm is in better agreement with the axial position of

the intensity maximum than the height values obtained by the other presented methods.

This is consistent to similar investigations of Kim et al. [352]. In case of the right lobe of
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the response signal, the height values of all compared evaluation algorithms show nearly

the same result. This is due to the almost symmetric course of the right lobe. Because

of the accurate evaluation of both lobes by the cubic algorithm, a correctly determined

layer thickness can be expected, whereas in case of the other algorithms only the symmet-

ric lobe is well evaluated, which results in deviations of the determined layer thicknesses

compared to the correct one. Note that the layer thickness is not determined as this is

only an example to illustrate the advantage of the cubic evaluation algorithm. Instead of

a threshold of 0.5 used for the evaluation in Fig. 6.14a, the evaluation results depicted in

Fig. 6.14b are obtained from a signal section defined by the threshold of 0.7 with respect

to the maximum intensity of the corresponding lobe. As shown in Fig. 6.14b, the course

of the function evaluated by the cubic algorithm is again in better agreement to that of

the response signal than those of the other methods. However, the discrepancy between

the determined height values is reduced due to the increased threshold factor. In case of

the symmetric lobe the height values determined by the various evaluation algorithm are

located at nearly the same position of the axial response signal.

In sum, the accuracy of height values determined at symmetric signal courses are in

the same range for all presented evaluation algorithms. However, in case of asymmetric

signal courses, the cubic algorithm shows the best results followed by the Gaussian and the

parabolic fitting methods. A comparison of both centroid methods indicates an improved

accuracy of the square centroid algorithm. The centroid algorithms provide the shortest

evaluation time. An improvement by increasing the computing resources shortens the

calculation time of all fitting procedures to an acceptable range.

6.6.3 Reference surface

In order to determine important properties of a topography sensor such as axial re-

peatability, lateral resolution and real lateral measurement field, appropriate calibrations

can be performed. In case of CSI, appropriate procedures are defined in VDI/VDE 2655

part 1 [49] and part 3 [198], whereas VDI/VDE 2655 part 2 [339] can be used for SCM.

In contrast to CSI, where the optical information obtained from a surface under inves-

tigation is compared to that of a reference mirror, no physical reference exists for SCM.

Therefore, deviations caused by aberrations of the microscope objective and other opti-

cal elements used in the SCM setup have a stronger effect on the measurement results.

These deviations can be reduced by a subtraction of the measured surface from a vir-

tual reference plane, under the assumption that the optical and mechanical conditions

are equal for the performed measurements to create a reference data and the topography

of the surface under investigation. For this purpose, multiple measurements on a plane

mirror with a flatness less than five times the required maximum flatness deviation of the

used topography sensor are taken, as specified in VDI/VDE 2655 part 2 [339]. Here, a

measurement standard with a flatness of λ/10 is suitable. Creating a reference file for the

SCM described in Sec. 6.5, an Si flatness standard manufactured by SiMETRICS GmbH

[353] is used, where in a region of 5× 5mm2 located in the center of the standard a devi-

ation of 65 nm with respect to the level of the standard exists. According to [339], nine

measurements at different lateral positions are performed to build the reference file. A

suitable lateral offset for the meander arranged measurement fields provides a practically
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benchmark of approx. one tenth of the measuring field width [339]. The nine measured

and evaluated surface topographies are subtracted from each other to reduce deviations

caused by the surface of the flatness standard. Note that the latter procedure is necessary

for each evaluation algorithm.
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7 High-speed interferometric point

sensor

In general topography sensors can be separated into full-field and point-wise measur-

ing principles. The optical measuring instruments introduced in chapter 5 (CSI) and 6

(SCM) are full-field sensors. In contrast, stylus instruments presented in chapter 4 are

point sensors based on mechanical force (tactile stylus instrument) and atomic interaction

(AFM). In this chapter point-wise optical measuring sensors based on interferometry are

introduced. The focus is on interferometric sensors with modulated OPDs by an oscillat-

ing reference mirror. Typical applications of point-wise measuring laser interferometers

are based on precise measurement of distances. A famous example is the measurement

of gravitational waves by a Michelson interferometer with up to 4 km long measurement

arms, called LIGO (Laser Interferometer Gravitational-Wave Observatory) [354, 355]. Due

to Fabry-Pérot cavities in each arm, the effective optical path length of the laser beam

is increased by a factor of 300, which enables very sensitive measurements. In order to

reduce the effect of vibrations and gravitational disturbances caused by Earth, the ESA

(European Space Agency) concept LISA (Laser Interferometer Space Antenna) comprises

three satellites in space, which are arranged in a triangle with arm lengths of 2.5 million

kilometers [356, 357].

In combination with scan axes to move the point sensor across a surface to be mea-

sured or vice versa, the used distance sensor operates as a profilometer. Fundamental

advantages of these point-wise profilometers are a compact geometrical setup as well as

a flexible design of the sensor probe, in order to attain structures of the object under

investigation which are difficult to access [358–364]. Compared to tactile instruments, op-

tical topography sensors detect the surface structure contactless and that usually enable

much higher measuring velocities. Furthermore, the measured surface is not mechanically

affected and thus, the detection of soft surfaces is also possible.

Multiple point-wise measuring topography sensors using different principles are ex-

isting. A fiber-coupled CSI without mechanical scan axis is introduced in [365, 366]. As

depicted in Fig. 7.1a, light from two SLEDs emitting at different wavelengths (840.2 nm

and 932.4 nm) propagates through two fiber couplers and passes the sensor probe. The

reference beam arises at the end-face of the fiber due to the reflection at the transition

from fiber-core to air and the reflection at the surface under investigation generates the

measurement beam. In order to achieve interference in case of the used temporally low

coherent light, the OPD between these beams is compensated by an additional Michelson

interferometer. Due to one tilted mirror in the Michelson setup, the depth scan is realized

without the usage of a mechanical scan axis, which is the conventional method to obtain a

modulated interference signal in CSI. The optical signal is detected by a line scan camera.
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The signals of both SLEDs superpose and lead to a beat signal (see Fig. 7.1b) in order

to increase the accuracy of the determination of the maximum position. Further benefits

are an unambiguous range limited by the envelope to determine height differences of con-

secutively measured points. The minimized microoptical probe enables measurements on

surfaces which are difficult to access and also an easy integration in a measuring machine

[360, 367–369]. Disadvantages are dispersion effects caused by the tilted mirror, quite high

procurement costs for SLEDs and the line scan camera, as well as the limitation of the

dynamic range by the camera, i.e. the maximum modulation of the interference signal is

reduced by an offset intensity (see Eq. 2.22). For this reason and by the fact that the in-

tensity of the reference beam is typically performed by the fiber-core to air transition, the

modulation becomes high for glass or substrates with similar reflectivity. In case of highly

reflective surfaces the modulation decreases. A point-wise measuring single-shot CSI with

Alignment mirror

Tilted mirror

Beam splitter

SLED1

SLED2

Detector

Sensor probe

Reference
beam

Measurement
beam

a) b)

Figure 7.1: a) Schematic representation of a fiber-coupled CSI and b) simulated interfer-
ence signal of individual SLEDs (the upper two signals) without offset as well
as the superposition of them. Reproduced from [366].

a similar setup is presented by Hahn et al. [370]. A Linnik interferometer setup is chosen

with a three-faceted mirror (TFM) as reference is used in order to generate the depth

scan without mechanical axis. This setup allows to align the intensity of the reference

beam with respect to the measurement beam by adapting the reflectivity of the reference

mirror. However, due to the design of the TFM, an objective lens with a focus length

longer than 100mm is necessary, which leads to an NA of approximately 0.054. Therefore,

only structures of the specimen comprising very low slope angles are measurable, with a

low lateral resolution. Furthermore, compared to the sensor described by Depierieux et

al. [366], structures may not be accessible caused by the geometrical dimensions of the

setup. Further point-wise measuring topography sensors without mechanical scan axis for

an axial depth scan are given by the well investigated and established CCM [264–267]. An

improvement in the axial accuracy for determining height changes is achieved by adding

a reference arm to the CCM, which is called chromatic confocal spectral interferometry

(CCSI) [371–375]. A comparison between CCM and CCSI is published by Lyda et al.

[376] as well as by Boettcher et al. [377]. Both measuring methods utilize longitudinal

dispersion effects to perform an axial depth scan, i.e. each wavelength is focused at another

axial position. The longitudinal scan range is certainly dependent on the DOF of the ap-
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plied objective lens. This range can be increased by decreasing the NA, which results in a

decreased lateral resolution and vice versa. Hence, a compromise among axial scan range

and lateral resolution must be found. A solution provides the integration of a diffractive

optical element into the optical path of the sensor. Therefore, the scan range becomes

independent of the DOF, as shown for a Linnik setup in [374] and a more compact Mirau

interferometer in [375]. In order to determine height values, these setups certainly require

a spectrometer for signal detection and separation of wavelengths.

Interferometric point sensors measure height changes with high precision. However,

the acquisition of a profile or a field consisting a series of profiles typically requires one or

more mechanical scan axes. Thus, vibrations and straightness deviations of the moving

scan axes superpose to the measurement results. For the fiber interferometric sensor in-

troduced in [378], this disadvantage of point-wise measuring sensors is eliminated. In this

arrangement a laser beam is split into a measurement and a reference beam by a phase

grating, as shown in Fig. 7.2a. The zeroth order diffraction builds the reference beam

and the first order the measurement beam. In order to obtain the height values from the

measured surface by a four-step phase evaluation algorithm the mirror in the reference

arm is shifted using a piezoelectric transducer. Due to a tunable laser as light source, the

angle of the first diffraction order changes when the wavelength of the laser light changes,

Tunable
laser

Detector

Circulator
GRIN

Piezoelectric
tansducer

Phase
grating

Phase
detection

Optical probe

Objective
   lens

Ref. mirror
Sample

Computera)

b)

SLED

CCD

Figure 7.2: Schematics of a) laser interferometric line sensor [378] and b) LCSI [379].
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whereas those of the zeroth order remains the same. Therefore, the lateral translation to

obtain a surface profile results by alternating the wavelength of the used light source with-

out the requirement of mechanical scan axes. However, the theoretical maximum lateral

scan velocity of the presented setup yields approximately to 1mm/s, which corresponds

to the typical scale of tactile stylus instruments. Furthermore, the standard deviation of

measured height values is approximately 4 nm and only flat surfaces can be measured,

because of a very low NA. The single-shot sensor introduced by Hahn et al. [370] provides

also the possibility for line measurements without the usage of a mechanical scan axis.

Fig. 7.2b shows an alternative sensor setup [379, 380]. This arrangement also comprises a

grating to diffract the light beam in order to focus the light on different lateral positions

depending on its wavelength. Here, a broadband light spectrum emitting by an SLED

is used instead of a tunable laser as light source. Therefore, a spectrometer is necessary

to separate the wavelength depending height information. Furthermore, the lateral scan

range depends on the NA of the objective lens, which in turn limits the lateral optical res-

olution and its ability to acquire height information from large slopes of the investigated

structure.

Further interferometric point sensors are given by homodyne and heterodyne inter-

ferometers [381]. In case of homodyne interferometer the height value is determined by

a quadrature signal [382–385]. For this purpose, the beam emitted by a diode laser is

circularly polarized by e.g. a quarter wave plate. Circularly polarized light has orthogonal

fields that are 90 degrees apart in phase and are distinguished below by s- and p-polarized

beams. The circularly polarized beam is split by a beam splitter in a reference and a mea-

surement beam in a typical Michelson interferometer arrangement. Then, the overlapped

reflections are deflected by the beam splitter in the direction of the detector, where a sec-

ond polarized beam splitter splits the s- and p-polarized beams and directs them to two

different photodiodes. The phase of 90 degree between the two orthogonal polarizations

enables a phase determination by calculating the tangent of their ratio, which leads to the

height value. In a more robust sensor model the 180 ◦ phase shifted beams of the polarized
beams are also taken into account, respectively. On the other hand, the height detection

in case of a heterodyne interferometer is based on the Doppler effect. A Michelson in-

terferometer setup is used, where the laser beams in the reference and the measurement

arm differ by slightly different frequencies, which are achieved using acousto-optical mod-

ulators [386–389] or the Zeeman effect [390, 391]. This leads to a superposed signal with

a low beat frequency corresponding to the difference of individual signal frequencies in

the detector arm, which enables a signal detection where the photodiode can follow the

signal changes. For this purpose, the two beams are separated by different polarizations,

which are split by a polarized beam splitter into a reference and a measurement beam. To

ensure superposition of the two beams in the detector arm, their polarization is set equal.

Depending on the deflection velocity of the surface under investigation, the frequency of

the measurement beam is changed according to the Doppler effect. The phase shift of

the detected signal leads to the height value to be determined. The disadvantage of a

heterodyne interferometer is its requirement of a highly stabilized two-wavelength laser

source. In [392, 393] a heterodyne laser Doppler sensor is presented, which enables be-

side a height measurement an additional detection of the lateral velocity of the laterally
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moved specimen. However, this sensor is limited to non-specular surfaces and exhibits

repeatabilities in range of one-digit micrometers and three-digit nanometers. In addition,

a measurement rate of height values in order of 100 kHz are hard to achieve, which is a

comparative value of the high-speed sensor used in this thesis.

Another well-known optical point-wise measuring profilometer provides a laser focus

sensors (LFS). This sensor is investigated in several studies [394–399]. In case of an LFS

based on an astigmatism measuring method a beam emitted by a laser source is focused

by a focusing lens to the surface under investigation and the scattered light is collected by

the same focusing lens. Then, the light is deflected in the direction of a detector by a beam

splitter. Here, a four quadrant diode is used as detector. Due to astigmatism by the optical

components in the beam path, the laser spot at the detector plane is circularly shaped,

when the surface under investigation is located in focus of the sensor. Is the surface out

of focus, then the laser spot shows an oval shape in the detector plane. An evaluation

of the intensities detected by the four quadrant diode leads to a value depending on the

deviation between the position of the sensor focus and that of the surface to be measured.

Hence, a depth scan where the distance between sensor and specimen is continuously

changed, results in a depth response similar to the derivation of a conventional response

signal. This means that the section around the focal point (represented by zero) of the

evaluated signal can be approximated by a straight line. Consequently, a height value

can be determined by performing a depth scan followed by a linear fit to determine the

position of zero or by tracing the profile of the surface under investigation, whereby the

latter method exhibits a higher measurement velocity. Another method for focus point

detection provides the Foucault knife-edge method [400, 401]. A prominent application of

an LFS is a pickup system for CDs and DVDs [402], which are widespread and thus low

in procurement costs. Another method to realize an LFS is utilized using a holographic

element [403]. This element is integrated with a laser diode and a photodiode in one unit

in order to minimize the geometrical dimension of the sensor. Such an unit is also applied

in the LFS based profilometer introduced by Mastylo et al. [404]. The axial measuring

uncertainty is noted in a range of 0.7 nm to 2 nm and the lateral scan velocity is limit by

6mm/s on smooth surfaces. A numerical analysis of the sensor behavior is performed by

a RCWA (rigorous coupled-wave analysis) based simulation in [405, 406].

Due to a sinusoidal modulation of the OPD using a reference mirror oscillating at

ultrasonic frequencies, the high-speed interferometric confocal distance sensor (ICDS)

presented in this thesis provides a high data rate up to 116000 height values per second

acquired from the surface under investigation. Consequently, high lateral scan velocities

are possible for the ICDS working as profilometer, as demonstrated at a sinusoidal mea-

surement standard with a lateral scan velocity up to 100mm/s in [14] or with 80mm/s at

a fine chirp standard as presented in [407]. Furthermore, the modulation of the OPD en-

ables a phase evaluation, which leads to a repeatability of measured height values <1 nm

[407].

The idea of sinusoidally modulated OPDs is not new and already used in several

permutations [408–412]. A previous sensor design of the high-speed point sensor provides

a common-path laser interferometer with sinusoidally modulated OPD shown in Fig. 7.3a.

Here, the distance between surface and sensor probe is changing by the oscillating bending



110 CHAPTER 7. HIGH-SPEED INTERFEROMETRIC POINT SENSOR

 

4 mm

Bending beam

Measurement surface

Piezo element
with strain direction

Fiber optic probe

LaserdiodePhotodiode

Y-coupler

Plastic holder

Oscillation
direction

GRIN lens

Air gap

Reference
beam

Measurement
beama) b)

Figure 7.3: Schematic representation of a fiber-optic sensor with modulated optical path
length difference (OPD) using a bending beam a) and a schematic of the sensor
probe b), in order to illustrate the location of reflections. Reproduced from
[415].

beam, while the optical path is retained for the reference beam [413, 414]. An example of

a probe configuration is depicted in Fig. 7.3b, where the laser light is focused by a gradient

index (GRIN) lens to the surface under investigation. In this arrangement the reference

beam occurs by the reflection at the transition of fiber core glass to air. An overview of

various sensor probe designs is given by Schulz [415]. However, in all cases a relatively

high optical path difference between measurement and reference arm exists. This increases

the sensitivity to influences such as wavelength drifts during the measurement caused by

e.g. temperature changes. Consequently, deviations of the measured height value up

to the micrometer range occur, as discussed in more detail in Sec. 7.5.1. Besides this

common problem of a common-path interferometer a further disadvantage is given by the

low oscillation frequency of the bending beam in the range of 1 kHz resulting from mass

inertia of the bending beam including the sensor probe. The low oscillation frequency

results in an accordingly low rate of height values compared to that of the ICDS. An

advantage of this sensor setup is its low manufacturing costs. Besides an application as

a profilometer [413, 414] the bending beam based point sensor is also applied in a line-

scanning interferometer for shape measurements of rotationally symmetric objects like

optical lenses, as reported by Riebeling et al. [416]. Here, multiple bending beam based

laser interferometers are used to center the measuring object on a rotational table and

additionally, to record the axial as well as the lateral run-out of the rotated table. This

can be used to reduce the measurement uncertainty and enables an application of low-cost

rotational axis, since higher tolerances of the motion characteristics are compensable.

Another common-path interferometer with modulated OPD is introduced by Sharma

et al. [417, 418]. Here, two different methods are presented to modulate the OPD. One

use a piezoelectric transducer (see Fig. 7.4a), which changes the axial position of the fiber

and thus, the initial position of the reference beam. In the second method, the OPD is

modulated by an electro-optical phase modulation using an LiNbO3 crystal (depicted in



7.1. BASIC PRINCIPLE 111

Fig. 7.4b), which changes its refractive index by a changed connected voltage. Whereas

the oscillation frequency of the piezoelectric transducer is limited to 1.25 kHz that of the

electro-optical modulation increases up to 5 kHz. As for the other interferometers with

oscillating OPD, the oscillation frequency constitutes the crucial factor for the measure-

ment speed and is significantly smaller compared to the ICDS presented in this thesis. A

Lens

Metallic support to 
hold fiber ferrule

Piezoelectric
transducer

Fiber ferrule

Fiber ferrule with lens

Electrode connected
LiNbO3 crystal

Mirror

a) b)

Figure 7.4: Schematic illustration of sensor probes with a) a piezoelectric transducer to
move the fiber along axial direction and b) an electro-optical modulator com-
prising an LiNbO3 crystal to vary the refractive index and therefore, the optical
path length. Reproduced from [418].

further approach is based on an oscillation of the laser wavelength, as reported in several

studies [419–424]. Here, a change of the diode laser current effects in an alteration of the

emitted wavelength and intensity changes. Typically a wavelength alteration of 0.05 nm

with respect to a current change of 10mA results. However, an application of this effect

for height measurement requires a laser source with a stabilized wavelength as well as a

non-balanced interferometer, i.e. the length of reference and measurement arm differ by a

basic distance. In case of the optical profilometer described by Meiners-Hagen et al. [424]

an OPD of 100mm is basically adjusted, which leads to an expected axial uncertainty of

20 nm for a wavelength of approx. 800 nm.

7.1 Basic principle

The interferometric working principle of the ICDS is based on a minimized Linnik

interferometer setup according to the schematic illustration depicted in Fig. 7.5. In this

setup, a divergent laser beam emitted by a point source is collimated by a collimator

lens and subsequently split in a reference and a measurement beam by a beam splitter

cube. Those laser beams are focused to the surface of a reference mirror and an object

under investigation by a focusing lens, respectively. The scattered electric fields are col-

lected by the corresponding focusing lens and superposed in the detection arm, where

the interference field is focused by a further lens to a pinhole. A photodiode detects the

interference intensity which passes the pinhole. The modulation of the OPD by oscillating
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the reference mirror leads to the intensity

I(x, y) = Im(x, y) + Ir(x, y) + 2
√
Im(x, y)Ir(x, y) cos (φ(x, y)) (7.1)

following the two-beam equation according to Eq. 2.16 with the phase

φ(x, y) =
4π

λ
[za cos (2πfat)−Δzm(x, y)] , (7.2)

where the length of reference and measurement arm are balanced. x and y define the

location for the point measurement on the surface under investigation. Further, the

variables za and fa represent the amplitude and the frequency of the oscillating reference

mirror. A changed height of the surface under investigation is considered by Δzm. A

sinusoidal modulation of the OPD leads to an oscillating intensity signal of low-frequency,

which can be detected by the photodiode and enables a phase evaluation, as discussed

in Sec. 7.2.1. This is similar to the approach of the heterodyne interferometer, where an

intensity signal of a low-frequency oscillation is achieved by superposing two electric fields

with slightly different frequency.

For the interference intensity according to Eq. 7.1 a temporally coherent source such

as a monochromatic laser source is assumed. However, due to the focusing lenses the

focusing effect described by Eq. 5.6 has to be considered. Because of a spatial coherent

illumination of the surface under investigation an integration over the scattered electric

fields E occurs. With respect to Eq. 6.1 this leads to the entire scattered electric field
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Figure 7.5: Schematic depiction of interferometric confocal distance sensor (ICDS).
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and thus the intensity

Is(z) =

∣∣∣∣∣∣ 1λ2
2π∫
0

θmax∫
0

[
P 2
m(θ)Em(z, θ, ϕ) + P 2

r (θ)Er(z, θ, ϕ)
]
sin (θ) cos (θ) dθ dϕ

∣∣∣∣∣∣
2

(7.3)

results, where Em(z, θ, ϕ) and Er(z, θ, ϕ) represent the scattered electric field of the mea-

surement and the reference arm. The pupil functions of the measurement and reference

arms are considered by Pm and Pr. Here, the case of conical illumination with infinitely

small pinholes is considered, whereas a similar approach for the 2D case is introduced by

Sheppard et al. [425]. As for a single interferometric or confocal microscope the focus

effect leads also to an envelope of the depth response signal. However, the deflection of

the oscillating reference mirror typically is less than the wavelength of the illumination

source and hence, for an interferometer with balanced arms as well as an NA less than 0.7

it can be neglected. In addition, a laser beam can be approximated by a Gaussian beam,

which leads to a Gaussian illuminated pupil of the used focusing lenses. Consequently,

the beam characteristics are typically investigated by the theory of a Gaussian beam, as

discussed in Sec. 7.3.7.

7.2 Signal analysis

In this section, various phase retrieval algorithms are presented to determine height

values form the modulated interference signal measured by the ICDS. The lock-in algo-

rithm used in this thesis as well as alternative approaches are discussed. Further, an

approach to extend the unambiguous range is shown, which is basically limited by the

used illumination wavelength.

7.2.1 Phase retrieval algorithm

A simulated interference signal with a sinusoidal phase modulation according to

Eq. 7.2 is depicted in Fig. 7.6. For illustration, an ideal interference signal (blue line)

is assumed, where the focus effect according to Eq. 7.3 and other influences such as sig-

nal noise are neglected. Further, the deflection of the reference mirror (green signal)

oscillating with the frequency fa is shown, with respect to the modulated interference.

Comparing the interference signal with the oscillating deflection it is apparent that the

interference has turning points at the maxima and minima of the deflection, which result

from the stand still due to changing direction of the deflection. In addition, the frequency

of the interference signal obtained close to the turning points is lower compared to those

obtained at maximum slopes of the deflection. The frequency of a certain temporal sec-

tion is assumed to be constant, what is illustrated by a red dashed line in Fig. 7.6. This

leads to the simplified expression

φ(x, y) ≈ 4π

λ
(za2πfa(±t∓ t0)−Δzm(x, y)) (7.4)
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for the evaluation windows marked by colored rectangles in Fig. 7.6, where t0 describes the

temporal location of each window. Following this relation, the constant fringe frequency

fe of the interference signal in a certain evaluation window corresponds to

fe =
1

2π

d

dt
φ(x, y) =

4π

λ
zafa. (7.5)

The phase φ(x, y) composes by the time dependent phase and an additional phase shift

given by Δzm(x, y). An appropriate method to determine φ(x, y) consists of a single-point

DFT at the evaluation frequency fe given by

φ(x, y) = arg

(
NW−1∑
nt=0

I(x, y, nt)W (nt) exp

(
−i2πnt

fe
fs

))
, (7.6)

in accordance with the phase evaluation for CSI, as described in Sec. 5.5.2. This phase

retrieval occurs for the interference signal obtained at every rising and falling flank of the

deflecting reference mirror. The interference signal section consists of NW sample points,

in an evaluation window sampled at the sampling frequency fs. In order to reduce leak-

age, the measured intensity values I(x, y, nt) are multiplied by a window function W (nt)

according to Eq. 5.40, where nt represents the sampling points. Assuming a constant

deflection amplitude za and frequency fa of the oscillating reference mirror, the difference

between consecutive computed phase values Δφ(x, y) results in the relative height value

h(x, y) =
λ

4π
Δφ(x, y). (7.7)

Note that only consecutive phase values obtained from the same flank (rising or falling)

are considered to generate relative height values. Due to the ensuing connection of height

values obtained for all evaluation window position, the resulting rate of height values per

second corresponds to twice the oscillating frequency fa.

A further approach to retrieve the phase is based on the Hilbert transform, as reported

approx. line

evaluation windows

e

Figure 7.6: Simulated interference signal with sinusoidally modulated OPD to illustrate
the position of evaluation windows, with the actuator frequency fa and the
fringe frequency fe.
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in [166, 214, 415, 426, 427]. After calculating an analytical signal Ia pursuant to Eq. 5.33

the phase values occur by

φ(nt) = arctan

(
Im {Ia(nt)}
Re {Ia(nt)}

)
. (7.8)

The advantage of this method is its high data rate, where for each sampled intensity value a

phase value results and thus, the acquisition rate of computed height values corresponds

to the sampling frequency. However, this approach suffers from systematic deviations,

coming from a superposition of the measured height values with additional oscillations,

as reported in [166, 427]. These deviations can be reduced in their amplitude by applying

an appropriate band-pass filter to the measured interference signals before calculating the

related analytical signal, as discussed by Schake [166]. Tereschenko et al. [428] present

a novel sinusoidally phase shifted interference (SinPSI) evaluation algorithm to retrieve

the phase from the modulated interference, which based on an extension of an algorithm

proposed by de Groot [411]. Here, the phase is determined by the ratio of different

weighted harmonics regarding the fundamental frequency of the measured interference

signal. The advantage of this approach is a reduced sampling rate for the detection of the

measured interference signal and, in addition, a lower deflection of the reference mirror

used for OPD modulation. Hence, this algorithm enables an increase in frequency of the

oscillating reference mirror, which results in higher acquisition rates of height values. The

available rate of acquired height values is equal to that of the lock-in method. However, the

SinPSI provides the possibility for an extension to a sliding SinPSI evaluation algorithm

comparable to the well-known sliding DFT [428], where a window of a certain length

is moved along the measured interference signal, while the SinPSI algorithm is applied

to the intensities covered by the window for evaluation. Consequently, the acquisition

rate of height values is significantly increased up to the sampling rate as for the Hilbert

transform. A comparison of the SinPSI algorithm with the lock-in method is performed

by Tereschenko [25], whereby both algorithm provide a similar accuracy.

7.2.2 Extended unambiguous range

In case of the phase retrieval approaches described in the paragraph before the un-

ambiguous range between two determined consecutive height values is limited by ±λ/4,
which results from the definition range between −π and π of the used arg() function. To
overcome this limitation, the interferometer setup depicted in Fig. 7.5 is extended by a

second interferometer with another wavelength. Apart from different light sources and

photodiodes for detection, both interferometers are established by the identical setup.

Since the interference signals of both interferometer are detected by different photodi-

odes, two interference signals related to two different wavelength but equal amplitude and

frequency modulation are available, which leads according to Eq. 7.4 to the phase values

φ1(x, y) =
4π

λ1
(za2πfat−Δzm(x, y)) (7.9)
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and

φ2(x, y) =
4π

λ2
(za2πfat−Δzm(x, y)) . (7.10)

The difference corresponds to

Φ = φ1 − φ2 =4π (za2πfat−Δzm(x, y))

(
1

λ1
− 1

λ2

)
=
4π

Λ
(za2πfat−Δzm(x, y)) (7.11)

depending on the synthetic wavelength

Λ =
λ1λ2

|λ1 − λ2| . (7.12)

Therefore, the unambiguous range of two consecutive height values is increased to ±Λ/4.
This means that with decreasing the difference between both illumination wavelengths

the resulting unambiguous range is increased. However, with an increased unambiguous

range also the uncertainty of the height evaluation using the retrieved phase Φ of the

synthetic wave increases. In order to achieve an extended unambiguous range with the

uncertainty of the phase evaluation obtained by a single wavelength the phase retrieval

caused by the synthetic wave is combined with that of a single wavelength, what leads to

the height value [158, 413]

hi(x, y) =

[
round

(
Φ

2π

Λ

λi
− φi

2π

)
+
φi

2π

]
λi
2
, i = 1, 2, (7.13)

where the round() operator set its argument to the nearest integer value. Here, the calcu-

lated integer value represents the estimated fringe order of a single wavelength interference.

For an increased accuracy of the evaluated height value the phase value divided by 2π

for a single wavelength is added to the determined integer value. Two redundant height

values result according to Eq. 7.13 due to the of two different wavelengths. Here, the

results related to the shorter wavelength anticipate a slightly lower uncertainty compared

to those obtained for the longer wavelength.

An illustration of the extended unambiguous range provides the comparison of the

phases φ1, φ2 and Φ depicted in Fig. 7.7. In this example, the phase φ1 (blue line)

is computed for a wavelength λ1= 1490 nm according to Eq. 7.9 and φ2 (red line) for

λ2= 1550 nm, while the OPD is continuously changed. The synthetic phase Φ computed

according to Eq. 7.11 is depicted by a green line in Fig. 7.7. Compared to the phase

responses obtained for the single wavelengths the synthetic phase response Φ covers a

higher range of the continuously changed OPD before repeating an interval of −π to

π. The length of the covered section represents the entire unambiguous range of Λ/2,

supplied by the synthetic wavelength.

Further extension of the unambiguous range is possible by adding a further wavelength

[429] or using an approach based on excess fractions [158, 430]. The latter uses the

characteristic deviation of the estimated fringe order (defined by the rounded value in

Eq. 7.13) from the correct one, which is constant in a 2π interval of the synthetic phase



7.3. LASER INTERFEROMETRIC PROFILOMETER 117

0 5 10 15 20 25 30 35

−π

π

z (�m)

P
h
a
se

(r
a
d
)

φ1

φ2

Φ

Λ/2

Figure 7.7: Comparison of the phases φ1, φ2 and Φ with respect to continuously changed
height according to Eq. 7.9 and 7.10 for different illumination wavelengths λ1
and λ2 as well as Eq. 7.11 for synthetic wavelength Λ to illustrate the extended
unambiguous range caused by a two-wavelength interferometer.

Φ. A changed deviation from interval to interval can be used to further increase the

unambiguous range. Schake and Lehmann [431] exploit the possible unambiguous range

of the excess fraction method by its extension due to a delta system.

7.3 Laser interferometric profilometer

The practical realization of the ICDS introduced before is presented in this section.

Besides an introduction of different sensor designs comprising a first demonstrator [407,

432, 433] and its optimized versions are presented. Furthermore, the electronic and optical

circuits featuring the illumination and detection units of the ICDS are discussed.

7.3.1 Sensor setups

An interferometric setup comprising a single-mode fiber for both, measurement and

reference arm including a probe at the end face of each fiber, is one way to separate the

interferometric arms from each other. However, mechanical influences to the fiber by

e.g. air stream effect an additional phase shift in the OPD, as investigated in a diploma

thesis [434]. Lin et al. [435] solve this problem by two interferometers using the same

main optical path of the interferometric setup with single-mode fibers for reference and

measurement arm. One interferometer is used for measuring height changes of the struc-

ture under investigation and the second reference interferometer is utilized to measure

phase variations in the fiber. For this purpose, a Bragg grating is included at the end of

the single-mode fiber. Only the laser beam of the reference interferometer is reflected at

the Bragg grating, due to a laser light source with a wavelength that differs from those

of the profiling interferometer. However, phase variations higher than the unambiguous

range of the interferometer are not detectable and further, the costs are increased by the

additional optical elements.

Another solution provides an interferometer setup established by free-beam optics,

as shown by schematic illustrations for various designs of a distance sensor in Fig. 7.8.
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Figure 7.8: Different interferometric confocal distance sensors (ICDS) for optical profilom-
etry. a) Schematic of the previous sensor design and b) a photograph of the
related practical realization. c) Section of a CAD model of the optimized
version of the ICDS and d) a photograph of the sensor with an additively
manufactured housing.

The transfer of one or more laser beams of various wavelengths from an illumination and

detection unit to the interferometric sensor head is realized by an optical single-mode

fiber. Figure 7.8a shows the schematic illustration of the first demonstrator and a related

photograph in Fig. 7.8b. In this sensor setup, the laser beam emitted at the end-face

of an optical single-mode fiber is collimated by GRIN lens. A beam splitter cube with

the geometrical dimensions of 5× 5× 5mm3 splits the laser beam into a reference and a

measurement beam. The latter is focused by an aspherical lens to the surface under inves-

tigation. On the other hand, the collimated reference beam hits the polished surface of an

ultrasonic transducer, which acts as reference mirror with an axial oscillation of 58 kHz to

realize a modulation of the OPD according to Eq. 7.2. The scattered field obtained from
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the surface under investigation is superposed with the reference beam. The resulting in-

terference field is focused into the single-mode fiber by the implemented GRIN lens. Due

to a core diameter of the optical fiber of 5 m, the fiber acts as a pinhole. Therefore, the

distance sensor follows the confocal principle. However, this sensor suffers under spurious

reflections caused by the glass to air transition at the end-face of the optical fiber for ex-

ample. This effect is reduced in a further ICDS design using of a fiber ferrule and a GRIN

lens with end-faces cut and polished by 8 , as shown schematically in Fig. 7.8c. There-

fore, reflections at the fiber end-face are deflected into the coating of the single-mode fiber.

Furthermore, in the modified setup the reference beam is focused by an aspherical lens to

the surface of the reference mirror. Therefore, the level of the detected interference signal

is increased and an alignment of the reference mirror is simplified in comparison to the

previous setup. This enables a significant miniaturization of the geometrical dimensions

of the distance sensor. Figure 7.8d is a photograph of the miniaturized sensor with an

housing manufactured by selective laser sintering (SLS). The geometrical dimensions of

the previous sensor design amounts to 40× 40× 48mm3 (width, height, depth), whereas

the dimensions of the optimized sensor are reduced to 12× 25× 17.5mm3. A comparison

between a sensor with an aluminum housing manufactured by CNC machining [436] with

an additively fabricated housing turned out to similar results. This is due to a mechanical

guide of the ferrule, GRIN and aspherical lenses by glass sleeves, as visualized by the

schematic in Fig. 7.8c. The use of additively manufactured housings provides a flexible

sensor design and is low in its costs. A further advantage of the optimized sensor is given

by a reference beam path deflected by 90 degrees, which enables a balancing of the OPD

without changing the geometrical dimensions of the distance sensor.

7.3.2 Modulation of the OPD by an oscillating reference mirror

Options to modulate the OPD of an interferometer are using an EOM to change the

refractive index in a section of the optical path [417], an oscillating bending beam [413] or

by stretching the optical fiber using a piezoceramic [409, 437]. In order to use the lock-in

approach for a phase retrieval according to Sec. 7.2.1, an appropriate modulation of the

OPD corresponds to a phase shift of 4π and higher. In the case of the previously mentioned

components, this condition is usually satisfied for oscillations below ultrasonic frequencies.

Appropriate components are given by the ultrasonic transducers depicted in Fig. 7.9a

and 7.9b. The actuators are usually applied in fluids or air, e.g. as parking sensor in

a) b) c)

14

6 9 1
0

8
.2

5.5

Figure 7.9: Photographs and schematics of appropriate actors for modulating the OPD of
an ICDS. a) Ultrasonic transducer MCUSD14A58S9RS-30C from Multicomp
[438], b) ultrasonic transducer 400ER080 from Pro-Wave Electronics Corpora-
tion [439] and c) miniature multilayer piezo actuator PICMA PL022.31 from
PI Ceramics GmbH [440]. The dimension values are specified in mm.



120 CHAPTER 7. HIGH-SPEED INTERFEROMETRIC POINT SENSOR

automobiles. The ultrasonic transducer shown in Fig.7.9a oscillates at a nominal frequency

of 58±1 kHz with a bandwidth of approx. 1 kHz in an aluminum housing with a coating of

non-hexavalent chromium [438]. On the other hand, the nominal center frequency of the

transducer 400ER080 manufactured by Pro-Wave Electronics Corporation (see Fig. 7.9b)

corresponds to 40±3 kHz with a bandwidth of 2 kHz [439]. Its housing consists of nickel
plated steel, the surface of which can be polished for a good reflectance. As the nominal

center frequency is lower compared to that of the other ultrasonic transducer a lower rate

of height values is acquired by the resulting sensor. However, a comparison between the

schematics depicted in Fig. 7.9a and 7.9b exhibits that the transducer 400ER080 has a

housing with smaller dimensions, which leads to reduced dimensions of the sensor. This

transducer is used for the optimized sensor depicted in Fig. 7.8d. Another advantage of

these ultrasonic transducers in comparison to other components is their low procurement

costs. A further reduction of the sensor geometry provides the cubic miniature multilayer

piezo actuator PICMA PL022.31 depicted in Fig. 7.9c with an edge length of 2mm [440].

Moreover, the bandwidth is not limited as for the ultrasonic transducers and oscillation

frequencies up to 100 kHz are possible. However, the actor deflection is in the range

of 500 nm and thus too low for an evaluation by the lock-in approach. Nevertheless, this

deflection is enough for a phase retrieval by the SinPSI algorithm [428] and part of further

investigations.

For the deflection of the presented ultrasonic transducers the electronic circuit accord-

ing to Fig. 7.10 is used. In order to avoid disruptive feedbacks from the differential actor

amplifier, the incoming sinusoidal signal uin of the oscillation frequency fa is electrically
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Figure 7.10: Electronic circuit of an isolated actor driver with a differential output voltage.
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isolated using the digital isolator ADUM4190 from Analog Devices Inc. [441]. This am-

plifier transfers amplified sinusoidal signals with a bandwidth of 400 kHz and provides an

alternative to an optocoupler. For an isolated signal transfer the analog signal is digital-

ized, transferred by a radio connection of small distance and then converted into an analog

signal. Slight steps in the signal caused by the quantization of the digital-to-analog con-

verter (DAC) are smoothed using a low-pass filter. Furthermore, a high-pass filter reduces

the offset, which is a result of the signal transfer. Then, the offset-free signal is amplified

by a non-inverting and also an inverting OPV using the amplifier LM7171 from Texas

Instruments [442] providing an output current of 100mA with a bandwidth of 200MHz.

The voltage difference of these amplified signals corresponds to

udiff = ua1 − ua2 =

(
1 +

R3

R4

+
R2

R1

)
uin. (7.14)

A power supply of Us =±12V provides a sinusoidal voltage with a peak-to-peak amplitude

of 4Us ≈ 40V. The physical deflection of the oscillating reference mirror is not necessarily

in phase with the sinusoidal excitation voltage udiff, which is a result of the frequency

dependent impedance of the used actor. Assuming a constant frequency fa, this phase

shift does not affect the accuracy of the phase evaluation according to Sec. 7.2.1. Only

the evaluation window is shifted, which can be defined by taking the electrical current

ia into account. The current can be measured by measuring the voltage at a shunt R6

with a resistance value of 100mΩ. Note that this differential amplifier is not suitable for

an appropriate deflection of the piezo element presented in Fig. 7.9c. For this actor, an

electronic circuit based on an H-bridge can be used.

7.3.3 Illumination unit

The laser diodes used for illumination and the detecting photodiodes are located in a

separate aluminum housing to protect the electrical circuits inside the case from environ-

mental electromagnetic waves. Heat sources caused by elements such as the power supply

are separated and thus, wavelength shifts of the laser light sources are reduced. Figure

7.11 shows the arrangement of the optical components. Note that the total losses of energy

in an optical fiber results by the combination of fundamental losses as Rayleigh scattering

caused by the structure of the fiber substrate, UV and IR absorption [443]. To minimize

of these wavelength depending losses fiber optics are mainly designed for wavelength near

of 1550 nm and used in telecommunication. Thus, fiber optic elements specified for this

wavelength are mass products and their costs are relatively low. For these reasons the

used diode lasers emit at wavelengths of 1550 nm and 1490 nm. This wavelength combi-

nation enables an extended unambiguous range of approx. ±9.6 �m for consecutive height

values according to Eq. 7.13. For this purpose, the laser beams are transmitted by fiber

y-couplers, superimposed by a wavelength division multiplexer (WDM) and transmitted

to the interferometric distance sensor head (see Fig. 7.8) via a single-mode fiber connected

by a FC/APC connector. This connector comprises an end-face of 8 degree, which reduces

reflections into the core of single-mode fiber at its glass to air transition area. The inter-

ference signals resulting from reflections at the measuring objects surface are transmitted
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Figure 7.11: Illumination and detection unit comprising fiber coupled diode lasers emit-
ted at different wavelengths combined by a wavelength division multiplexer
(WDM). The reverting optical signals are detected by a photodiode (PD).

to the WDM again where the signals are split depending on their wavelength. The fiber

y-coupler in the respective beam path further splits the beams to the corresponding diode

laser and photodiode, where the collected light is converted into an electrical signal, as

discussed in Sec. 7.3.4.

The isolated distributed feedback (DFB) lasers used as laser light sources consist of

a sinusoidal variation of the refractive index in one of the cladding layers in the active

medium in longitudinal direction, according to a Bragg grating. While in case of con-

ventional diode lasers such as a Fabry-Perot laser multiple longitudinal modes existing,

these additional modes are suppressed of a DFB laser due to the Bragg grating [444, 445].

Therefore, the bandwidth of a DFB laser is low (usually less than 1 pm) compared to

a Fabry-Perot laser. The electric circuit to control the optical power of a diode laser is

depicted in Fig. 7.12. The main electronic component is the iC-WKN chip from iC-Haus

GmbH [446]. This component enables a continuous wave (CW) operation up to 300mA,

which exceeds the maximum operation current of the used diode lasers of 30mA. The

diode lasers are internally optically coupled to a monitor photodiode, which enables con-

trolling the laser beam intensity by a feedback of the current iM of the monitor diode. This

R1

R2

C1

C2

C3

Diode laser

SJ1

SJ2

SJ3

SJ4 H: SJ = 1 + 2
T: SJ = 2 + 3

Laser styles

Figure 7.12: Electronic circuit for controlling the laser intensity. The two pin configura-
tions (T and H) of the diode laser are adjustable by the jumpers SJ1 - SJ4.
The pin configuration of the shown diode laser corresponding to the T style.
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current flows through the electrical resistors R1 and R2. The electrical voltage resulting

in IM(R1 + R2) is compared to a reference voltage of 0.5V by an operational amplifier

(OPV) in the controlling chip. Its outcome specify the current iD of the diode laser and

thus determines the light intensity. Therefore, the optical intensity of the laser light can

be varied by the resistors R1 and R2. In the shown circuit, the resistor R1 has a fix value

of 4.7 kΩ to limit the maximum possible current iD in order to protect the diode laser.

Consequently, the intensity of the laser beam can be adjusted by the potentiometer R2.

In order to realize a regularization of the intensity by a computer interface, the digital po-

tentiometer AD5235 from Analog Devices Inc. [447] with a maximum resistance of 25 kΩ

and 10 bit resolution is used for R2. The computer communicates with the potentiometer

via the microcontroller board Arduino Nano V3.0 with an ATmega328 microcontroller

chip. The relation between the resistance value of R2 and the resulting intensity is linear.

The radiation power Pe of the laser beams emitted by the diode lasers is depicted in

Fig. 7.13 in relation to the adjustable resistance RM = R1+R2. Here, the relation between

the optical power and resistance value of RM is non-linear. The maximum adjustable

optical power occurs at RM = 4.7 kΩ, which limits the maximum current of the diode

laser. Comparison between the graphs depicted in Fig. 7.13 for illumination wavelengths

of 1490 nm and 1550 nm exhibits that the maximum optical power of 514�W for 1490 nm

is higher than 275 �W for 1550 nm. The range of the adjustable optical power is limited

by the 25 kΩ resistance of the digital potentiometer R2.
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Figure 7.13: Radiation power Pe depending on the adjustable resistor RM for the used
diode lasers of the a) 1490 nm and b) 1550 nm wavelength.

7.3.4 Signal acquisition and processing

The optical interference signal obtained from the sensor head according to Fig. 7.8

is collected by the photodiode FGA01FC from Thorlabs Inc. [448] with a FC-PC fiber

connection, as depicted in Fig. 7.14a. Such a semiconductor photodiode based on the

photoelectric effect, where electrons are emitted when electromagnetic radiation hits the

semiconductor material in the active zone of the photodiode. A pn-photodiode consists

of semiconductor with a p-doped, an n-doped layer and a depletion region between these

layers [449, 450]. If a photon is absorbed, a charge carrier pair is generated, which is
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separated by the electric field in the depletion region. For this reason, an electron is

transported to the n-doped region and a hole to the p-doped region. Consequently, a

negative charge occurs at the cathode and a positive charge at the anode of the photodiode.

For this process, the energy of the photon must be high enough to overcome the depletion

region. Due to dependency of the optical energy on the wavelength and the electric field

in the depletion region depending on the semiconductor materials, the sensitivity of a

photodiode depends on the wavelength of the absorbed light. While silicon is used for

photodiodes with a suitable sensitivity in the range of 190 - 1100 nm, indium gallium

arsenide (InGaAs) is used for infrared light in the range of 800 - 2600 nm [451]. The

InGaAs photodiode FGA01FC is suitable to detect light of 1490 nm and 1550 nm emitted

by the applied diode lasers, as shown by the graph in Fig. 7.14b.
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Figure 7.14: a) Photograph of an InGaAs photodiode from Thorlabs Inc. with FC/PC
coupling for a fiber connection and b) its spectral responsivity, taken from
[448].

If the cathode and the anode of the photodiode are connected by an electric circuit,

an electrical photo current [449, 450]

iph(t) = ηq
Pe(t)

Eph

e (7.15)

results. Here, Pe represents the radiation power, ηq the quantum efficiency, e the ele-

mentary charge and Eph the photon energy, which corresponds to the multiplication of

Planck’s constant with the frequency of the collected photon. The entire current iPD of

the photodiode equals the diode current according to the Shockley diode equation minus

the photo current iph [449, 450]:

iPD = IS

(
exp

(
e uPD
kBT

)
− 1

)
− iph, (7.16)

where kB is the Boltzmann constant, Is is the reverse bias saturation current, uPD is the

voltage across the diode and the absolute temperature is represented by T . A suitable

operation mode operates the photodiode in a short circuit. In this operation mode (pho-

toconductive mode, uPD = 0) iPD is proportional to the photo current iph according to

Eq. 7.16. In order to operate the photodiode in this mode, a transimpedance amplifier is

used, as shown in Fig. 7.15. Assuming an ideal OPV, the voltage difference between the

inverting and non-inverting inputs of the OPV is zero. Consequently, the potential at the

inverting input corresponds to a virtual ground. Therefore, the short circuit current ik
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Figure 7.15: Transimpedance amplifier to operate the photodiode in a short circuit mode.

flows through the feedback resistor RF. This leads to the gain

GT =
ua1
ik

= RF. (7.17)

As amplifier the OPA380 [452] from Texas Instruments Inc. is used. The bandwidth of

this amplifier is calculated by

f-3dB =
GBW

2πRF (CPD + CF + CS)
, (7.18)

where the gain bandwidth (GBW) is limited to 90MHz. The capacity of the photodiode

and the stray capacitance of RF are represented by CPD and CS. With the value of

the feedback capacitor CF the frequency f-3dB can be controlled. In order to reduce the

influences of external disturbing sources on the electronic circuit, the transimpedance

amplifier is located in the electromagnetically isolated housing of the illumination unit

introduced in Sec. 7.3.3.

For further signal processing the electrical signal is transferred to an electronic circuit

by a coaxial cable with SMA connector. First, the electrical signal ua1 is amplified by a

non-inverting OPV circuit, as shown in Fig. 7.16. Then, the amplified signal is high-pass

filtered by a second order filter to eliminate the offset of the electrical interference signal.

As a consequence, the dynamic range for the signal is increased and additionally amplified

by a second non-inverting amplifier. The transfer behavior of the high-pass filter is given

by

GHP1(ω) =
1

1 + 3
iωRHP1CHP1

− 1
(ωRHP1CHP1)

2

(7.19)

with C5 = C6 = CHP1 and R5 = R6 = RHP1. Therefore, all contributions at frequencies

below the cutoff frequency

fc =
0.374

2πRHP1CHP1

(7.20)

are damped with 40 dB/decade initiated from fc. The transfer behavior of this combina-

tion corresponds to
ua2
ua1

=
R1

R2

GHP1(ω)
R5

R6

, (7.21)



126 CHAPTER 7. HIGH-SPEED INTERFEROMETRIC POINT SENSOR

R1R2

C4

C3

C2

C1

C5 C6

R3 R4

R5R6

ua2

ua1

R7 R8

C10

C9

C7 C8

uint

ua2 C11 C12

R9 R10

HP1

HP2LP1

Figure 7.16: Electronic circuit to process the measured interference by a low-pass filter
LP1 and the high-pass filters HP1 and HP2.

where the two amplifications can be adjusted by R1 and R5 with a linear relation. Due

to the cascading of two amplifiers, the bandwidth remains unchanged in spite of a high

amplification. In order to reduce high frequency noise from the signal ua2, a low-pass filter

of second order with the transfer behavior

GLP1(ω) =
1

1 + iω3RCP1CCP1 − (ωRCP1CCP1)
2 (7.22)

is used. Here, the capacitors and resistors of the filter are represented by CCP1 = C7 = C8

and RCP1 = R7 = R8. For the signal amplification the amplifier LTC6229 [453] from

Analog Devices Inc. is applied, which provides a GBW of 890MHz as well as a low

voltage noise of 0.88 nV/
√
Hz and thus, is suitable for the processing of signals with high

oscillation frequencies. In order to reduce an offset coming from the OPVs, an additional

high-pass filter of second order is used, which leads to the filtered electrical interference

signal

uint = ua2GLP1(ω)GHP2(ω). (7.23)

Note that the properties of the high-pass filter HP2 are identical to those of HP1. To

prevent the circuit from being affected by the electrical impedance of a subsequent circuit,

an impedance converter using the OPV ADA4522 [447] from Analog Devices Inc. with

a low offset voltage represents a suitable component. Finally, the resulting signal uint is

transferred to an ADC for digitalization and signal evaluation using an FPGA. Due to the

increased dynamic range, this kind of analogous pre-processing provides a big advantage

with respect to a CSI according to Eq. 5.9.
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Figure 7.17: Electronic circuit to extract the envelope from a measured depth response.

The voltage uint represents the modulated interference signal, whereas the offset re-

sulting from the focusing effect according to Eq. 7.3 is nearly eliminated by filtering. In

order to measure the envelope of the interference caused by a depth scan, the signal ua1
is processed by a further electronic circuit, as shown in Fig. 7.17. For this purpose, ua1
is first amplified by a non-inverting OPV and afterwards, the interference component is

eliminated from ua1 using a low-pass filter of second order with a transfer behavior ac-

cording to Eq. 7.22 for CCP2 = C17 = C18 and RCP2 = R13 = R14 instead of CCP1 and

RCP1. Note that the non-inverting OPV circuit provides a high input resistance. Thus

the electronic circuits to process the interference component and the envelope are not af-

fected by each other. Besides the photo current iph, the current iPD of the photodiode (see

Eq. 7.16) comprises the reverse bias saturation current IS as well as a dark current, which

leads to an additional offset. This offset is considered in the electronic circuit depicted in

Fig. 7.17 by an offset adjustment. Finally, the signal is amplified once again resulting in

the processed envelope signal uenv. This voltage can be used to detect the operation point

of the distance sensor automatically.

7.3.5 Detection of the lateral position

The interferometric distance sensor introduced in Sec. 7.3.1 is a point-wise measuring

instrument. Therefore, scanning linear axes are required in order to move the object un-

der investigation relative to the sensor. Then, each detected height value is assigned to

a lateral position. This can be achieved by controlling the time of the scanning process,

but requires knowledge of the scanning speed which is assumed to be constant and range.

Another option is to measure the lateral position by a quadrature encoder sensing mech-

anism. The resulting quadrature encoded signals are phase shifted by 90 degree to each

other [454], as illustrated in Fig. 7.18. Here, the signal periods are divided into four sec-

tions Q1-Q4, where each signal consists of binary states. The combination of the binary

digits obtained at a quadrant of both signals corresponds to the Gray code [455, 456].
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Figure 7.18: Quadrature signals A and B obtained from an encoder. For decoding the
signal periods are separated into the quadrants Q1-Q4.

A sequence of {00; 01; 11; 10; 00; . . . } results for a motion in one direction, whereas a

sequence of {10; 11; 01; 00; 10; . . . } represents a motion in the other direction of a linear
stage. Non-matching sequences indicate an error and are not taken into account, making

this approach robust against disturbances. The axial resolution depends on the frequency

of the signal interval. However, disturbances such as bounce may occur, which comprises

a higher frequency compared to the primary signal. If the sampling frequency of the

used ADC is high enough to detect this disturbances, then the disturbances effect only a

variation of one digit. This results from the fact that the digit counted up from the first

state transition is counted down at the next state transition caused by the disturbance

and vice versa. Therefore, the axial position value obtained by such a quadrature encoder

mechanism fluctuates usually around one digit.

In the case of an integration of the ICDS in the multisensor measuring system, the air

bearing xy-axes ABL2000 [72] and ABL1000 [73] from Aerotech Inc. used for the lateral

positioning of the specimen (see Sec. 3.1) are also applied for the lateral scanning by

moving the specimen, while the height values are measured by the ICDS. The integrated

quadrature encoder generates two signals shifted by 90 degrees to each other (hereinafter

referred to as Cosine+ and Sine+) as well as their inverted signals, labeled by Cosine-

and Sine-. Assuming that an external disturbance affects the Cosine+ signal and its

Trigger
Sine-
Sine+

Cosine-
Cosine+

Sine-
Sine+

Cosine-
Cosine+

LTC1518

ADG633

Figure 7.19: Electronic circuit to process the quadrature signals of two encoders using the
line receiver LTC1518 as well as the multiplexer ADG633.
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inverse Cosine- in an identical way, then an unobstructed signal from the difference of

these signal, according to the RS485 standard for the transfer of asynchronous serial

data with increased electromagnetic tolerance results. The quadrature signals obtained

from two encoders of the xy axes are transferred to the electronic circuit depicted in

Fig. 7.19 for further processing. Here, the difference of the signals shifted by 180 degrees

is calculated using the dual-line receiver LTC1518 [457] from Linear Technology Inc.,

which features a high data rate of 50Mbps. Since the position tracking of only one axis

is relevant for a topography measurement and, in addition, the used ADC provides not

enough periphery, either the quadrature signals obtained by the first or by the second

encoder are transmitted to the AD/DA high-speed mezzanine card (HSMC) from Altera

Corporation [458] for signal decoding. For this purpose, the multiplexer ADG633 [459]

from Analog Devices Inc. is used, where the quadrature signals to be transferred are

chosen by a constant trigger signal.

7.3.6 Real time FPGA signal processing

Assuming a reference mirror oscillating with a frequency fa = 58 kHz and a deflection

of approx. twice the illumination wavelength λ results in a fringe frequency fe, which is

4π times higher than fa according to Eq. 7.5. The resulting interference signal according

to Eq. 7.23 is sampled by an ADC comprising a sample frequency fs of 150MHz with

14 bit resolution. In order to process this high data volume in real time, the FPGA

Cyclone V with an embedded ARM-Corex-A9 based hard processor system (HPS) is used.

This component is implemented in an SoCKit development board [460] from terasIC Inc.

The development board comprises inter alia a 1GB DDR3 SDRAM for the FPGA, a

1GB DDR3 SDRAM for the HPS, an HSMC connector for communication with the used

AD/DA converter card, an Ethernet port for the communication with a computer and a

slot for a micro-SD card for booting, as shown by a block diagram depicted in Fig. 7.20.

Since there is no need for a real time processing to determine the evaluation frequency

fe, the window function W and the scaling factors for performing the single-point DFT,

the HPS is used for these preparations, whereby resources of the FPGA are occupied.

The deflection of the oscillating reference mirror is unknown. Furthermore, its oscillation

frequency fa may deviate slightly from the predefined value. Therefore, the evaluation

frequency fe is determined using a fast Fourier transform (FFT) in the range of an eval-

uation window. This calibration is carried out before starting a series of measurements.

The single-point DFT of the measured interference signals corresponds to

I(ke) =
N−1∑
nt=0

I(nt)W (nt)e
−intkeΔz

=
N−1∑
nt=0

I(nt)W (nt) cos(ntkeΔz)︸ ︷︷ ︸
Re{I(ke)}

+i
N−1∑
nt=0

I(nt)W (nt) sin(ntkeΔz)︸ ︷︷ ︸
Im{I(ke)}

, (7.24)

with the sampled interference signal I(nt) a window function W (nt) as well as the scaling

functions cos() and sin(). Hence, for the real time single-point DFT performed by the
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Figure 7.20: Block diagram of the development board giving an overview of the available
periphery for the FPGA and the HPS, taken from [460].

FPGA, each sampled intensity is multiplied with the corresponding sample point of the

window function and those of the scaling functions at the moment of its sampling. The

result of this multiplication is added to the previous value. If the number of multiplications

corresponds to the number of sample points covered by the evaluation window the phase

φ = arctan

(
Im{I(ke)}
Re{I(ke)}

)
. (7.25)

is calculated using the CORDIC algorithm [461, 462]. This is an effective algorithm for

determining the phase in iterative steps, applying simple operations to each iteration,

such as shifting and addition operations. Since the phase values are limited to a range of

-π to π an unwrapping algorithm is applied to obtain a continuous course.

7.3.7 Sensor beam characterization

A laser beam can be approximated by a Gaussian beam (see Fig. 7.21) using the

paraxial propagation of monochromatic light and considering its wave nature. Therefore,

the optical transfer behavior of an optical system with a monochromatic illumination

can be simplified described by a model based on the Gaussian beam theory [463, 464].

A possibility to describe the propagation is given by ABCD ray matrices, as treated in

[465–467]. The Gaussian beam of the form [468]

E(r, z) = E0
w0

w(z)
e−(

r
w(z))

2

e
−i

(
k r2

2R(z)
−kz−ζ(z)

)
(7.26)
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Figure 7.21: Schematic illustration of a Gaussian beam focused by a lens.

provides a solution of the wave equation according to Eq. 2.2, with the amplitude E0 and

the radius r =
√
x2 + y2. This beam propagates in z-direction and exhibits a wavefront

with a curvature radius of

R(z) = z

(
1 +
(zR
z

)2)
. (7.27)

At the beam focus at z = 0 the radius of curvature R(z) strives towards infinity, which

means that the wavefront is flat at the focus. The minimum waist of the Gaussian beam

corresponds to twice its radius

w0 =

√
λzR
nπ

, (7.28)

where n represents the refractive index of the permeated medium and zR the Rayleigh

range. The waist is nearly equal in a range of 2zR around the focus, which defines the

DOF of a Gaussian beam. For z > zR, the waist radius is specified by

w(z) =

√√√√w2
0

(
1 +

(
z

zR

)2
)
, (7.29)

which can be approximated by the linear relation w(z)≈ w0z/zR for the far field (z � zR).

The half angle of curvature is defined by

θ = tan

(
w0

zR

)
. (7.30)

Note that the beam suffers from a low curvature at the transition of the focus, which leads

to a phase shift also known as Gouy phase [468]

ζ(z) = arctan

(
z

zR

)
. (7.31)

In case of the ICDS a laser beam is emitted at the end-face of a fiber ferrule with

an NA of 0.14 [469]. This beam is collimated by a GRIN lens with a pitch of 0.23, as

illustrated in Fig. 7.22a. Therefore, a distance of approx. 245 m is required between

the fiber ferrule and the GRIN lens to acquire a collimated beam. The pitch of 0.23

considers a point source whose location is assumed to be in the fiber core and not at

the end-face of the fiber. The GRIN lens GRIN2315A from Thorlabs Inc. [470] is used,
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a)

b)

GRIN2315A lens, length = 4.43mm Aspheric lens

Aspheric lensGRIN Rod lens, length = 11.22mm

Figure 7.22: Beam propagation simulated with the computer program OpticStudio for a)
the GRIN lens GRIN2315A from Thorlabs Inc. and b) the GRIN Rod lens
from Grintech GmbH in combination with an aspherical lens, respectively.

which is characterized by a diameter of 1.8mm and a refractive index according to the

manufacturer by [471]

n(r) = n0

⎛
⎜⎝1−

(
r
√
A
)2

2

⎞
⎟⎠ , (7.32)

where
√
A represents the gradient constant and n0 the refractive index at the center (r = 0)

of the GRIN lens. Starting from the center, the refractive index decreases with increasing

radial distance. This results in a continuous refraction of the incoming laser beam until it

is collimated. Then, the collimated beam is focused by the molded glass aspherical lens

354140-C from Thorlabs Inc. to the surface under investigation, as visualized in Fig. 7.22a.

The beam propagation is simulated using the optical design program OpticStudio from

Zemax LLC [472].

In order to characterize the beam propagation of the laser interferometric distance

sensors, a depth scan is performed. The envelope of the corresponding depth response

acquired according to Sec. 7.3.4 is depicted in Fig. 7.23. The intensity is considered, which

in case of a Gaussian beam according to Eq. 2.15 leads to the expression

I(r, z) ∝ EE∗ = |E0|2
(

w0

w(z)

)2

e−2( r
w(z))

2

, (7.33)

where the intensity along the optical axis (r = 0) corresponds to

I(0, z) = |E0|2
(

w0

w(z)

)2

. (7.34)

Hence, whereas the radial profile of a Gaussian beam is expressed by a Gaussian function,

its axial shape corresponds to a Lorentz function. In Fig. 7.23a the envelope of the

depth response obtained by the previous ICDS according to Fig 7.8b is depicted. This

signal course deviates from the expected one, which is described in Eq. 7.34. First, the

envelope is asymmetric and second, additional lobes are existing at the left side of the

main lobe. These deviations may result from spherical aberration and misalignments of
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Figure 7.23: Measured envelopes of the depth responses obtained using a) the ICDS shown
in Fig. 7.8b and b) the ICDS depicted in Fig. 7.8d, where the blue curve
represents the envelope for an illumination wavelength of 1490 nm and the
red curve for 1550 nm.

the optical components, as investigated in several studies. In comparison, the envelope of

the optimized ICDS (see Fig. 7.8d) exhibits no visible side lobes. However, an asymmetric

course is still apparent. Moreover, the FWHM value is higher compared to that of the

envelope obtained by the previous ICDS. Replacing z by zR in Eq. 7.29, the intensity

according to Eq. 7.34 corresponds to the half of its maximum at zR. This means that

the DOF is represented by the axial range covered by the FWHM. Consequently, in case

of the envelope depicted in Fig. 7.23a the DOF is approx. 8.12 �m, whereas the DOF

of the envelope obtained by the optimized ICDS corresponds to approx. 29 �m for both

wavelengths. As introduced by Kogelnik and Li [465] the minimal waist radius can be

expressed by

w0 =
λ

π arcsin (NA)
. (7.35)

Considering the confocal effect according to the investigation by Hagemeier et al. [119]

the minimal waist radius changes to

w0c = 0.75w0. (7.36)

Due to replacing w0 by w0c in Eq. 7.28, an NA of approx. 0.45 results for the previous

ICDS and approx. 0.24 for the optimized ICDS. The lower NA of the optimized ICDS is

a consequence of the collimated beam diameter of 0.41mm resulting by the used GRIN

lens in combination with the fiber ferrule comprising an NA of 0.14. As a result, the

aspherical focusing lens is not fully illuminated, which means that the available NA of the

focusing lens is not exploited. An improvement can be achieved by a fiber ferrule with

an increased NA or the usage of another GRIN lens, as it is illustrated by Fig. 7.22b.

Here, the GRIN Rod lens [473] from Grintech GmbH is used, which comprises a different

refractive index function compared to that of Eq. 7.32 and thus leads to a collimated beam

with an increased diameter of 1mm. Consequently, the focusing lens is more uniformly

illuminated and the available NA is increased to approx. 0.47. On the other hand, an
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increase in the possible NA of the laser light emitted by the fiber ferrule is limited and

thus, the diameter of the collimated beam is slightly improved.

Besides a higher unambiguous range the combination of the illumination wavelengths

of 1490 nm and 1550 nm also provides a lower distance between their resulting focal points

in comparison to the wavelengths combination of 1310 nm and 1550 nm [474], caused by

the axial chromatic aberration of the applied focusing lens. The maximum intensity of

the envelopes caused by the corresponding illumination wavelengths are axially displaced

by approx. 1.8 �m, as visualized in Fig. 7.23b.

7.4 Further applications of the laser interferometric

sensor

Besides the application as profilometer the presented IDS approach can be used in

further fields of application. In this section some examples of possible applications are

presented. Among them are the measurement of the axial displacement of a CSI during

its depth scan, an integrated detection of vibrations at the surface under investigation

during the measurement in order to perform a passive vibration compensation [154, 155]

and a detection of changing layer thicknesses, which can be utilized to observe evaporation

processes or to measure the accumulation of molecules.

7.4.1 Laser interferometric distance sensor for lengths measurements

An axial position tracking of a linear axis is usually performed by an integrated in-

cremental measuring devise, where the relative displacement is encoded using quadrature

signals. Such a device is exemplarily applied in the linear axis LS-110 [75] from PImiCos

GmbH, which is used for the vertical positioning as well as to perform the depth scan of

the Mirau based CSI, as shown in Sec. 5.6.1. However, the repeatability of this system

corresponds to 50 nm and thus it is too inaccurate to allocate an axial position to the cor-

responding camera frame, since the distance between two consecutive frames is usually in

the range of 20 nm to 50 nm. An improvement of the axial measurement accuracy is given

by interferometric distance sensors [475, 476]. Kissinger et al. [477] present a differential

displacement measuring interferometer. This instrument measures the changing distance

between a moving transparent target and an optical window placed in front of this target

as well as the distance between the target and a mirror placed behind the transparent

target. Influences such as a changing refractive index of air or other fluctuations, which

affect both measured distances equally, can be eliminated by determining the difference

of the measured distances. Ortlepp et al. [478] introduce a heterodyne standing-wave

interferometer for distance measurements. For this purpose, two laser beams of different

frequencies propagating in opposite directions are used, whose interference resulting in

a heterodyne standing-wave. The signal detection is achieved by a transparent photo

sensor, which is located in the optical beam path. In case of a linear stage, this sensor

is installed at the moving slide of the stage in order to measure its axial position. Other

often used interferometric distance sensors are given by homodyne [384, 479] and hetero-

dyne interferometer [480] as well as by an interferometer based on an optical comb using a
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femtosecond pulse laser [481, 482]. Schmit et al. [483] present several arrangements for a

position tracking during a depth scan of a CSI performed without the usage of a high-end

scanner. For this purpose, an additional laser interferometer is applied, which monitors

the motion of the scanning axis during the CSI measurement.

Another approach is based on the IDS principle described in the paragraphs before.

For this purpose, the laser beam in the measurement arm is collimated instead of focused.

This is realized by the arrangement of multiple optical elements according to the schematic

in Fig. 7.24a. Here, the laser beam emitted at the end-face of a fiber is focused by a GRIN

lens through a beam splitter cube to the surface of a sinusoidally oscillating reference

mirror. Whereas the highest signal modulation in the case of a camera based sensor is

usually achieved when the intensities reflected from the reference and measurement surface

are equal, here the signal modulation increases with an increased reflected intensity of the

reference arm. For this reason and due to an easier manual alignment of the reference

mirror, the laser beam is focused on the polished reference surface. In the measurement

arm, the focused beam is collimated using two additional GRIN lenses. For a focused

beam with a low NA, a collimation by one GRIN lens results in a collimated beam with

a diameter smaller than the GRIN lens diameter. In order to increase the measurement

beam diameter, the second GRIN lens focuses the laser beam into the working point

of a third GRIN lens with a higher NA. Since the resulting measurement beam Em is

in reality not perfectly collimated but slightly convergent the robustness against slight

a)

b)

GRIN lens 3

Beam splitter cube

Oscillating reference mirror

Fiber

Em

Er

zr(t)

EfEb

GRIN lens 2 GRIN lens 1

GRIN lens
c)

Nanobench

Beam splitter cube

Single-mode fiber

Oscillating

reference mirror Housing

(5× 5× 5)mm

Figure 7.24: Illustration of the IDS for tracking the axial position of a CSI. a) Beam
propagation through the optical elements, b) CAD model of the sensor and
c) a photograph of its practical realization.
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tilts of the measurement mirror increases. This mirror is placed on the moving slide of

the axis for vertical positioning of the Mirau based CSI, whereas the distance sensor is

mounted at a fixed position, as shown in Fig. 5.18. Note that the working range of the

IDS is not limited by the DOF as for an application as profilometer, since a minimal

beam waist to achieve the highest possible lateral resolution is unnecessary for an axial

position sensing. With regard to the maximum axis deflection, the required OPD is

approx. 115mm. To observe interference, a light source with a coherence length greater

than the OPD is required. This condition is satisfied using a fiber-coupled DFB laser from

PD-LD/NECSEL Inc. [484] with a central wavelength of 1550 nm and a laser linewidth

≤2MHz. According to Eq. 2.53, this bandwidth corresponds to a spectral wavelength

width Δλ = 16 fm and thus, the coherence length is approx. 150m according to Eq. 2.54.

The high OPD leads to an increased deviation of the measured result, if the wavelength

changes during the measurement, as discussed in Sec. 7.5.1. However, typical scan ranges

of a CSI are in the order of 10 �m scanned in a short time interval of less than 4 s by the

CSI described in Sec. 5.6.1. Hence, it can be assumed that the wavelength is constant

during the measurement. The maximal detectable motion velocity of the IDS is limited

by

vs =
λ fa
2
, (7.37)

where the unambiguous range of two consecutively measured positions is fulfilled, when

each evaluation windows is used (see Sec. 7.2.1). In case of a central wavelength of

1550 nm and an oscillation frequency fa = 40 kHz the resulting maximal velocity is ap-

prox. 1.48mm/s. A CAD model of the IDS with an additively manufactured housing is

depicted in Fig. 7.24b and a photograph of the related practical realization is shown in

Fig. 7.24c. The disadvantage of this arrangement are multiple reflections such as from the

fiber end-face Ef and beam splitter cube Eb, which affect the measurement as discussed

in more detail in Sec. 7.5.2. This problem can be avoided by placing a photodiode next to

the beam splitter at the opposite side of the reference mirror for signal detection. Another

option to reduce such implications is the usage of optical elements with 8 degree polish of

their end-faces. These expansions are part of further investigations.

7.4.2 Concept of a high-speed sensor for measuring changed layer

thicknesses

In biology label-free concentration measurements or layer thickness measurements are

of interest. An overview of corresponding measurement approaches is given in [485–487].

For concentration measurements Mach-Zehnder interferometers (MZI) can be used as re-

ported in [488–490]. Here, the substrate under investigation is placed in the optical path

of the measurement arm, which leads to a phase shift of the resulting interference pattern

with respect to the refractive index and thickness of the substrate. Jiang et al. [491] com-

bine a ring resonator with an MZI to increase the sensitivity by a factor of approx. 7.5

compared to a single MZI. In [492–494], optical fiber sensors are presented as optical

biosensors, where evanescent waves of the electromagnetic field inside the fiber are af-

fected by a biological medium surrounding it, resulting in a wavelength shift. Another

approach is given by measuring the changed thickness of a substrate using a Fabry-Pérot
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interferometer with [495] and without a fiber optical probe [496–498], on which the bio-

logical medium under investigation gradually settles down. A changed thickness results

in a wavelength shift of the spectral fringe pattern. Tseng et al. [498] prepare the end-face

of the sensor probe with a nanostructure, in order to enlarge the maximum scale of the

fringe shift and thus the detection limit of the sensor.

Based on the fact that the change in layer thickness allows conclusions to be drawn

about the change in molecule accumulations, the IDS can be used to measure the concen-

tration of biological molecules in substrates, in accordance with the measuring methods

mentioned before. For this purpose, a first demonstrator based on a Michelson setup is

developed as part of a master thesis [499]. A schematic representation of the sensor setup

is depicted in Fig. 7.25a and a photograph of the related practical realization is shown

in Fig. 7.25b. The laser beam emitted at the end-face of a single-mode fiber is focused

by a GRIN lens to the surface of an oscillating reference mirror and to the surface of a

substrate, which is placed on the top of an optical window. In case of the measurement

beam the main reflection occurs at the substrate-to-air transition, caused by the anti re-

flex (AR) coated end-faces of the used optical window. Assuming a paraxial beam, the

reflectivity Rm caused at the substrate-to-air transition according to the Fresnel formula

[15] results in

Rm =

(
nair − nsub

nair + nsub

)2

, (7.38)

where the refractive index nair of air is approx. 1 and the refractive index of the substrate

is represented by nsub. With the assumption of a paraxial beam, a changed thickness Δd

Ir
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Figure 7.25: Optical sensor based on the IDS principle for the measurement of changed
layer thicknesses represented by a) a schematic and b) a photograph of the
related practical realization.
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of the substrate arises from the relation [351]

Δd =
Δzm
nsub

, (7.39)

where Δzm represents the optical path length change. Note that only alterations of the

layer thickness are measurable with this sensor and not the absolute thickness of the

substrate under investigation. Due to a sinusoidal modulation of the OPD caused by the

oscillating ultrasonic transducer 400ER080 (see Fig. 7.9b), the phase evaluation according

to Sec. 7.2.1 is applicable. Furthermore, fast changes in the layer thickness are detectable,

which is due to the oscillation frequency fa = 40 kHz resulting in a maximum data rate

of 80000 height values per second.

The monitoring of the evaporation of acetone at room temperature provides a proof

of principle. For this purpose, a droplet of acetone with a refractive index nsub ≈ 1.36 is

placed on top of the optical sensor window. The changed thickness of the acetone layer is

depicted in Fig. 7.26. Here, different effects of the evaporation process can be observed at

several time slots. An oscillation with low amplitude can be observed in Fig. 7.26a, which

increases with advanced time to an oscillation amplitude of approx. 50 nm, as displayed

in Fig. 7.26b. These oscillations comprise a frequency range of approx. 5 - 15Hz and seem

not to be a result of external sources or the oscillating reference mirror of the sensor.

A possible explanation provides the Marangoni effect [500–502]. This effect describes

a flow field inside the drop caused by temperature differences between in and outside

the drop as well as different surface stresses. A temperature difference between in and

outside of a liquid drop is confirmed by investigations of David et al. [503]. The so called

Marangoni flow may results in surface oscillations, which are observable in Fig. 7.26b.

In Fig. 7.26c, an expansion of nearly 2 �m is observable. After the expansion a phase

jump of approx. 1 �m occurs. Since the changed surface thickness is only measured at one

point and the acetone droplet covers the entire surface of the optical sensor window, no

information about the area around the measuring point is available. Therefore, the phase

jump can be a result of the compensation of an uneven surface. From the 21. second, the

d

a)
b)

c)

d)

Figure 7.26: Evaporation process of an acetone droplet measured by an interferometric
sensor basing on the IDS principle.
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measured thickness decreases nearly linear down to approx. -95 �m. Oscillations can also

be observed here, as seen in Fig. 7.26d. This measurement result shows that a detection of

a changed thickness is possible with the interferometric sensor depicted in Fig. 7.25. The

optimized sensor setup, which is used for the distance measurement (see Fig. 7.8d), can

be used as basis for an improved interferometric sensor for the measurement of thickness

changes. For this purpose, the sleeve comprising the focusing lens in the measurement

arm of the distance sensor can be changed by an optical window placed at one end-face

of the used sleeve and a focusing lens of low NA at the other side.

7.5 Distortions

The IDS suffers from several influences, which affect its measurement results. These

influences are discussed in this section. Furthermore, approaches are presented in order

to prevent or reduce an affect of these disturbing influences. In [25], the influence of a

changed amplitude of the oscillating reference mirror and the inherent changed frequency

fe of the fringes to the evaluated phase is investigated. As a result, it is shown that the

resulting standard deviation of the evaluated phase values is nearly constant in case of a

real amplitude change in a range of ±5% and thus, can be neglected.

7.5.1 Wavelength drift

In a laser interferometric setup the wavelength stability of the light source is an

important factor for the robustness of the axial measurement accuracy over time. In case

of the ICDS setup a fiber-coupled DFB laser is used, where the temperature T dependent

wavelength stability is specified by a wavelength-temperature coefficient λT = 0.1 nm/�C.

Likewise, an alteration of the electric current for supplying the diode laser results in a

wavelength shift. Here, a typical relation is given by approx. 5 pm/mA [419, 420, 422,

504, 505]. According to Eq. 7.4, the difference between two consecutive phase values can

be formulated by

Δφ = φ1 − φ2

=
4π

λ
(zm − zr)− 4π

λ±Δλ
(zm +Δzm − zr)

=
4π

λ

[
Δzmr

(
1− 1

1± Δλ
λ

)
− Δzm

1± Δλ
λ

]
(7.40)

with the optical path length of the measurement arm zm and reference arm zr. The wave-

length change Δλ corresponds to λTT and to the path length difference Δzmr = zm − zr.

Assuming a constant wavelength (Δλ = 0) the optical path lengths zm and zr of both

phases cancel out, with the result that only the height difference Δzm remains. However,

in case of an alteration of the laser wavelength (Δλ �= 0) during the measurement, the

difference of consecutive height values depends on the differences Δλ and Δzmr. As an ex-

ample a common-path interferometer with unbalanced interference arms of Δzmr = 12mm

is assumed. If the wavelength changes by 0.1 nm during the measurement, a deviation of
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approx. 0.77 �m occurs. This deviation increases to 6.5 �m for Δzmr = 100mm, which is

a possible difference in case of the distance sensor described in Sec. 7.4.1. For balanced

interference arms (Δzmr = 0), the resulting height difference reduces to

Δzm =

(
1± Δλ

λ

)
λ

4π
Δφ =

(
1± Δλ

λ

)
Δz. (7.41)

Here, the deviation ε of the measured height difference Δz is minimized to

ε = ±Δλ
λ
Δz, (7.42)

which is in the order of 10−4 ·Δz/◦C [407].

In order to achieve this minimized deviation for a changing wavelength during the mea-

surement, the measurement and reference arm lengths of the sensor depicted in Fig. 7.8d

are balanced. For this purpose, an SLED as temporally short coherent light source is used

instead of a laser light source. By using an SLED, a precise alignment of the arm lengths

can be achieved, as visualized in Fig. 7.27. In Fig. 7.27a, the interferometer arms are

unbalanced, as seen by a difference of approx. 75 �m between the interference component

(right lobe) and the intensity caused by the focusing effect (left lobe) according to Eq. 7.3,

where the location of its maximum represents the working distance of the distance sen-

sor. Measurement and reference arm are balanced when the interference and the intensity

caused by the focusing effect axially fully overlap, as shown in Fig. 7.27b.

0 50 100 150 200 250
0.4

0.6

0.8

1.0

z (�m)

I
(n
o
rm

a
li
ze
d
)

a)
0 20 40 60 80 100 120 140

0.2

0.4

0.6

0.8

1.0

z (�m)

I
(n
o
rm

a
li
ze
d
)

b)

Figure 7.27: Depth responses of different interferometer arm lengths. Measurement and
reference arm lengths are a) unbalanced and b) balanced.

7.5.2 Interference resulting by multiple reflections

Although unintentional reflections are suppressed by AR coatings and an 8 ◦ transi-
tion between fiber optic ferrule and GRIN lens, these spurious reflections may affect the

interferogram and, consequently, the signal evaluation. This is due to several reasons,

such as a low reflection from the surface under investigation in case of the IDS applied to
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measure thickness alterations, where the reflectivity at the transition between substrate

and air is in a range of 4% according to Eq. 7.38 as well as intensity losses at coupling

the light into the fiber. Therefore, the main spurious reflection probably arises from the

end-face of the fiber. Multiple interference is investigated assuming multiple reflections

between the end-face of a fiber probe and a specimen in [359, 415]. An extension of Eq. 7.1

for two-beam interference leads to

I =
Nr∑
p=1

Ip + 2
Nr−1∑
p=1

(
Nr∑

j=p+1

√
IpIj cos (ϕp − ϕj)

)
(7.43)

as expression for the intensity of Nr interfering reflections. Assuming a limitation of one

spurious reflection with intensity Is and phase φs caused at the end-face of the single-mode

fiber (Nr = 3), Eq. 7.43 simplifies to

I = Im + Ir + Is + 2
√
ImIr cos (φm − φr) + 2

√
ImIs cos (φm − φs) + 2

√
IrIs cos (φr − φs) .

(7.44)

Neglecting the offset, the first term in Eq. 7.44 is relevant for the determination of the

height value. The second term affects a variation in the amplitude of the intensity, depen-

dent by alteration rate of height changes. Because the frequency obtained from the phase

difference φm − φs does not agree with the evaluation frequency fe (see Eq. 7.5) the effect

to the evaluated phase is not relevant and can be neglected. A further relevant influence

occurs by the third term, because the modulation frequency is equal to the evaluation

frequency fe. Thus, the phase differences φmr and φrs superpose, whereby the spurious

reflection causes an additional phase shift, as illustrated in Figure 7.28. Here, the phases

φmr and φrs are represented by blue and red arrows as well as the result of the superpo-

sition by a green one. In order to show the changes by altering the phase φmr, a second

triangle (dotted lines) is displayed assuming constant intensities and a constant phase

φrs. A comparison between these two vectorial additions shows a variation in the absolute

value of the result (green arrows) and a non-linear relation among the phase differences.

Assuming a constant phase φs and intensities Ir, Is the effect of the spurious reflection

Im

Re

Figure 7.28: Vectorial superposition of the intensities with phase differences φmr (blue) and
φrs (red) as well as the resulting vector (green), illustrated for two different
thicknesses of the substrate, which are separated by solid and dashed arrows.
The absolute value and phase of the spurious contribution are constant.
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can be corrected according to

φ = arg

⎛
⎜⎜⎜⎜⎝
∑
nt

⎛
⎜⎜⎜⎜⎝I(nt)− 2

K∑
p=1

√
IrIs,p cos (φr − φs,p)︸ ︷︷ ︸

Icorr

⎞
⎟⎟⎟⎟⎠ exp

(
−i2πnt

fe
fs

)
⎞
⎟⎟⎟⎟⎠ , (7.45)

where K = 1 and Icorr is determined by calibration. For this purpose, a measurement

with darkened measurement arm provides the correction term Icorr. If the intensities and

phases of the terms comprising spurious reflections as well as the reflection from reference

mirror are constant, the measured intensity I can be corrected using this compensation

method for an arbitrary number K of spurious reflections.

Besides an alteration of the phase, the amplitude is modulated as a function of the

changed height to be measured. This is illustrated by the absolute value of the green

arrows depicted in Fig. 7.28, which corresponds to the amplitudes. With increasing inten-

sity of the spurious reflection, the visibility of the interference signal according to Eq. 2.22

decreases at the minimum of its amplitude modulation. In the worst case, the visibility

is not high enough to enable a phase evaluation of the obtained interference component.

In order to avoid this influence, the detector can be placed next to the beam splitter at

the opposite side of the oscillating reference mirror. Another option is the usage of a

temporally short coherent light source, whereby spurious reflections do not interfere with

light reflected at the surface under investigation.

7.5.3 Deviations resulting by data sampling

In order to evaluate the interference signal, the analog pre-processed interference

signal according to Eq. 7.23 is digitalized using an ADC. Here, the data sampling of the

interference component may lead to a deviation of the evaluated phase. This is graphically

visualized in Fig. 7.29 where an ideal simulated interference signal (blue curve) is sampled

with the sampling frequency fs. If the sampling frequency is not an integer multiple of

the actuator frequency fa, then the temporal position of the first sample point respecting

the first evaluation window disagrees with those of the following first sampling points

respecting their corresponding evaluation windows. This is illustrated in Fig. 7.29 by

sample points (black dots). The sample point (red dot), which represents the position

of the correct first sample point in the second evaluation window leads to the relative

deviation

εs =
fs
fa

− round

(
fs
fa

)
. (7.46)

As a consequence, additional phase shifts occur, which increase for the subsequent evalua-

tion window. Therefore, in order to avoid such a deviation, the sampling and the actuator

frequency are synchronized by the applied FPGA. Another deviation may be caused by

a jitter of the clock source, which is used as a reference for the sampling and actuator

frequency. By using the component AD9254 [506] from Analog Devices Inc. as ADC with

a typical jitter of 0.1 ps, this deviation can be neglected. Further, the jitter of the sig-

nal driving the actuator generated by the DAC DAC5672 [507] from Texas Instruments
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Figure 7.29: Simulated interference signal (blue) sampled using an ADC with the sampling
frequency fs. The black dots represent exemplary sample points and the red
dot represents the correct first sample point of the second window to avoid
the relative deviation εs according to Eq. 7.46.

Inc. can be neglected by the mass inertia of the actuator.

7.5.4 Influences of speckle

The use of a spatially coherent light source such as a laser light source for the illumi-

nation of the surface under investigation may result in the speckle phenomenon. Speckles

occur due to the superposition of electromagnetic waves scattered at different points at

the surface to be measured. The phase difference of the waves caused by a rough surface

with height differences in range of half the wavelength leads to higher or less intensity

of the resulting multiple interferences. Since, the added side lobes of the electromagnetic

wave scattered from a large number of adjacent points lead to speckles [8], this effect can

be reduced using a pinhole in the imaging plane. Suppressing the first side lobe of the

Airy pattern by the pinhole is a major advantage of a confocal microscope. The optical

fiber used in the ICDS setup has a core diameter of 8.2 m [469]. Hence, its end-face acts

as a pinhole and provides a confocal effect. Consequently, the effect of speckle is strongly

reduced in case of the ICDS.





145

8 Comparison measurements

In this chapter comparison measurements are presented in order to characterize the

transfer behavior of the applied topography sensors. For this purpose measurements are

performed by using the topography sensors introduced in the previous chapters. Fur-

thermore, the MarVision interferometric point sensor (IPS) 15 from Mahr GmbH [508] is

applied for comparison measurements. This sensor is based on the fiber-coupled CSI pre-

sented in Fig. 7.1. A probe with an NA of 0.5 is used, while the object under investigation

is laterally moved in y-direction by the air bearing axis to obtain a profile of the surface

topography. The lateral scan velocity is limited by a data rate of 6000 height values per

second. These evaluated height values are retrievable by a 16 bit resolved analog signal

from the control unit, which is sampled due to a self-assembled oscilloscope [509]. This

oscilloscope comprises an ADC (LTC2389-18 from Linear Technology Corporation [510])

with 18 bit resolution and a sampling rate of 2.5MHz as well as an EZ-USB FX3 USB

3.0 controller [511] from Cypress Semiconductor Corporation for the data transfer to the

PC.

In the following sections, the response signals obtained by a Mirau based CSI are

evaluated by using the LT-algorithm according to Sec. 5.5. The measurements are usually

performed in the continuous mode with temporally equidistant steps, as described in

Sec. 5.6.1. In case of measurements performed by the ICDS the interference signals are

analyzed using the phase evaluation according to Sec. 7.2.1. Furthermore, the presented

measurement results are either obtained by ICDS1 representing the previous topography

sensor (see Fig. 7.8b) or by ICDS2, which represents the optimized sensor depicted in

Fig. 7.8d.

8.1 Repeatability

Each result suffers from a certain uncertainty occurring during the measurement pro-

cess. Different phenomena such as temperature drifts, environmental vibrations, measure-

ment noise, systematic deviations caused by the measuring instrument, and air turbulences

affect the measured results. A reduction of the uncertainty caused by these influences is

possible by knowing the strength of impact on the obtained measurement signal and thus,

to the resulting height value, which enables a compensation. This is exemplary achieved

by a passive vibration compensation where the vertical fluctuations caused by mechanical

vibrations are measured on the surface under investigation [154].

In this section the measurement noise of the various topography sensors is determined

by repeated measurements. To ensure comparability the repeatability is specified by the

standard deviation of multiple repeated measurements. Moreover, in order to prevent a

distortion of the results due to external vibrations, an active vibration damping is used, as
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presented in Sec. 3.2. Temperature drifts are neglected due to short measurement times,

which are performed in an air-conditioned room. Furthermore, artifacts caused by the

surface under investigation are avoided due to the usage of an aluminum mirror (PFSQ10-

03-G01 from Thorlabs Inc.) with a flatness deviation lower than a tenth of the design

wavelength. Consequently, it can be assumed that the main deviations of the repeated

measurements result from the used topography sensor. In the following the repeatability

of the full-field measuring instruments as well as the point-wise measuring instruments is

investigated.

8.1.1 Full-field topography sensors

In order to determine the repeatability of the Mirau based CSI and the SCM, an

evaluation strategy according to [124] is applied, as described bellow. A normal Gaussian

distributed noise is assumed. Hence, the average of L repeated measurement results for the

identical position of the measured surface leads to a nearly noise-free surface topography

h̄(nx, ny) =
1

L

L∑
l=1

hl(nx, ny), (8.1)

where the sampling points/pixels in the xy-plane are represented by nx= {1,2,...,Nx} and
ny= {1,2,...,Ny}, while Ny and Nx ∈ N are the number of pixels in x and y direction.

As a consequence of the difference Δhl(nx, ny) = hl(nx, ny) − h̄(nx, ny), the noise can be

extracted from each measured surface hl(nx, ny). Therefore, an impairment caused by

slight tilting and irregularities of the surface under investigation is avoided and thus, the

pixel-wise standard deviation of each measured surface

σs(nx, ny) =

√√√√ 1

L− 1

L∑
l=1

Δhl(nx, ny)2 (8.2)

represents the pixel-wise noise of the used topography sensor. To obtain a significant

value to describe the repeatability of the corresponding topography sensor, the standard

deviations σs(nx, ny) is averaged:

σ̄s =
1

NxNy

Nx∑
nx=1

Ny∑
ny=1

σs(nx, ny). (8.3)

Note that the resulting repeatability is only a representative measure for the noise of

the topography sensor when the measured surface structure is not changed during the

repeated measurements and no systematic deviations occur. In order to obtain a measure

to rate how representative σ̄s for all the pixels is, a confidence value

Cs =

√√√√ 1

NxNy

Nx∑
nx=1

Ny∑
ny=1

(σs(nx, ny)− σ̄s)
2 (8.4)
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is introduced. The standard deviation of all single deviations σs(nx, ny) is calculated and

thus represents the spread around σ̄s.

Based on this validation strategy, repeatabilities are determined for the SCM and the

Mirau CSI using ten repeated measurements at the same position of a flatness standard

in [124]. In addition, these repeatabilities are determined for repeated measurements

obtained in a vibration-free environment and during vibrations due to the air stream of

air bearing xy positioning axes. It is shown that the repeatability is hardly affected by the

present vibration in case of both topography sensors. This is a result of small vibrations

with a vertical amplitude in range of ±5 nm, as measured by a laser interferometric sensor
[407]. Since the measurements of SCM and CSI require a depth scan, high frequency

noise affecting the single frames captured by the corresponding camera is canceled out on

average over the entire response signal. In order to determine the repeatability for the

CSI, ten repeated measurements are performed for various Mirau objectives, illumination

sources and step sizes. Then, the evaluated surface topographies are validated according

to the previously introduced strategy. For the results depicted in Fig. 8.1 Mirau objectives

with magnifications of 10x, 50x and 100x (according to Tab. 5.2) as well as a red and a

white LED for illumination (spectra are depicted in Fig. 5.5) are used. Furthermore, the

step size Δz of the depth scan performed by the CSI is changed to investigate its influence

on the resulting repeatability.

As expected, the averaged standard deviations σ̄s of the height values obtained by

the envelope evaluation based on a Hilbert transformation (see Fig. 8.1a) according to

Sec. 5.5.1 are significantly higher compared to those obtained by the phase evaluation

(see Fig. 8.1b) according to Sec. 5.5.2. In both cases the value for the repeatability in-

creases nearly linearly with increased step size for all objectives and illumination sources.

The repeatability for the 10x Mirau objective with red LED illumination shows the high-

est values for the envelope evaluation. Here, σ̄s corresponds to approx. 17.5 nm for a step

size of Δz = 80nm and decreases to approx. 7.5 nm for Δz = 20nm, whereas the stan-

dard deviations for the objectives with increased magnification become lower. Further,

the standard deviation for the combination of the 100x Mirau objective and white LED

becomes smallest. These relations are explainable due to the interaction of temporal co-

herence and the focusing effect caused by the applied microscope objective, as discussed

in Sec. 5.1. As a consequence of this combination, the width of the signal envelope is the

lowest compared to the other combinations, which leads to a most accurate determination

of its maximum position. Since the envelope obtained by the combination of the 50x Mi-

rau objective and white LED has a smaller width compared to the 100x objective and red

LED, the first leads to lower values for the repeatability. On the other hand, the courses

of standard deviations in case of the phase evaluation show a reverse relation, as depicted

in Fig. 8.1b. The standard deviations for the combination of 10x Mirau objective and red

LED for illumination are mostly the lowest compared to those of the other combinations.

In contrast, the standard deviation for the combination of 100x Mirau objective and white

LED shows the highest values in case of the phase evaluation instead of the lowest as for

envelope evaluation. This probably results from a higher number of wave trains in case of

interference signals with a wider envelope in comparison with other combinations, which

leads to more precisely determined phases values. The standard deviations determined
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Figure 8.1: Results of repeated measurements for various Mirau objectives, illumination
sources and step sizes in order to determine the repeatability by the averaged
standard deviation σ̄s according to Eq. 8.3. The reliability is rated by the
confidence value Cs according to Eq. 8.4 and calculated for envelope evaluation
results in a) and c) as well as for phase evaluation results in b) and d).

for the phase evaluated height values are significantly lower than 1 nm. As shown in

Fig. 8.1b., the lowest standard deviation is 147 pm for the combination of 50x Mirau lens

and a red LED as illumination source. Neglecting the outlier at 50 nm the maximum

deviation occurs for a step size of 80 nm. This step size is in the range of λeff/8, where λeff
represents the effective wavelength (see Sec. 5.4) of the interference signals. Therefore,

each interference fringe is sampled by four points and thus, a step size of 80 nm repre-

sents the maximum value to resolve the fringes in the shown investigation. Note that

the courses of standard deviations for the combinations of 100x Mirau objective and red

LED as well as 10x Mirau objective and white LED are similar, as shown in Fig. 8.1a and

Fig. 8.1b. This is a consequence of response signals with envelopes of nearly the same

width, as depicted in Fig. 5.6.

As mentioned before, the confidence value Cs according to Eq. 8.4 represents a mea-

sure to rate the determined repeatability. Low values of Cs mean a low spread around σ̄s
and thus, the surface under investigation is unaffected e.g. by a lateral shift during the

acquisition of repeated measurements or a systematic deviation affecting the pixel-wise
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response signals differently. In Fig. 8.1c, the confidence values of the corresponding re-

peatabilities of the envelope evaluation are depicted and in Fig. 8.1d those for the phase

evaluation. Apart from single outliers, the depicted confidence values are nearly con-

stant, which indicate that the corresponding σ̄s is unaffected by disturbances during the

repeated measurements. Hence, these σ̄s values represent the measurement noise well.

The high confidence value at Δz = 50nm for the combination of 10x Mirau and red

LED indicates a stronger variation between the pixel-wise determined standard devia-

tions σs(nx, ny), which is expressed by the high repeatability in Fig. 8.1b. The higher

variation of σs(nx, ny) might be caused by e.g. a changed lateral position of the FOV

during the repeated measurements. Therefore, 10 repeated measurements using the 10x

Mirau objective with red LED are performed again, leading to a spread of Cs = 11.6 pm

for the phase and Cs = 75.8 pm for the envelope evaluation, which are lower compared

to the previous measurement sequence and in the range of the Cs values obtained by the

other combinations. Although the Cs value is low, the averaged standard deviation σ̄s
changes to 0.409 nm for phase and to 13.521 nm for envelope evaluation, which are lower

values compared to those of the previous sequence, but still represent an outlier compared

to the values obtained by other step sizes Δz. Further, the influence on the phase is

significantly higher than for the envelope evaluation. However, the reason for this outlier

is not clear and needs further investigation.

The resolution of the camera used for the CSI described in Sec. 5.6 can be increased

from 8bit to 12 bit, which certainly limits its frame rate to 25Hz. In order to investigate

a possible improvement of the repeatability, ten repeated measurements are performed by

a CSI with a 100x Mirau objective on an aluminum mirror for different resolutions of the

camera. As shown by the standard deviations computed for height values evaluated using

the envelope and the phase evaluation algorithm in Tab. 8.1, a slight improvement of the

averaged standard deviations σ̄s occurs in case of the higher camera resolution. Figure 8.1

Table 8.1: Standard deviations σ̄s determined for height values measured by a 100x Mirau
based CSI with a camera of 8 bit and 12 bit resolution.

Evaluation 8 bit 12 bit

Envelope 4.463 nm 3.893 nm

Phase 0.262 nm 0.226 nm

is based on repeated measurements on an aluminum mirror as a nearly ideal measurement

surface. Besides, measurements are often performed on surfaces of less reflectivity such

as glass. In order to get an idea how much the standard deviation increases for low

reflectivity, a series of ten repeated measurements on the identical position of an optical

glass flat is performed using a CSI with a 50x Mirau objective, two different LEDs as

light sources and a depth scan with a step size Δz of 30 nm. The applied optical glass

flat comprises of 1mm thickness and thus avoids an influence of reflections occurring from

its backside. The surface flatness is less than one tenth of the design wavelength of light.

In Tab. 8.2, the resulting standard deviations σ̄s and confidence values Cs according to

Eq. 8.3 and Eq.8.4 are presented. A comparison with the values depicted in Fig. 8.1

shows that σ̄s increases from 178 pm to 543 pm for the red and from 275 pm to 773 pm
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Table 8.2: Standard deviations σ̄s and confidence values Cs determined for height values
measured by a 50x Mirau based CSI with two different LEDs for illumination.
The resulting values are obtained from ten repeated measurements at the same
position of an optical glass flat.

Light source red LED white LED

Evaluation Envelope Phase Envelope Phase

σ̄s (nm) 15.135 0.543 11.559 0.773

Cs (pm) 137.7 5.4 87.7 8.5

for the white LED. For the envelope evaluation σ̄s increases from 5.895 nm to 15.135 nm

for red and from 4.051 nm to 11.559 nm for white light, due to a decreased SNR value

of the measured interference signals. The SNR values changes also for signals obtained

from specimens with structured surfaces and thus, the resulting standard deviations also

change. The standard deviations of height values obtained by interference signals of

various SNR values using the LT algorithm are investigated by Tereschenko [25].

As for the Mirau based CSI, the repeatabilities for the SCM according to Sec. 6.5 are

determined by ten repeated measurements on the same position of an aluminum mirror.

Here, the standard deviation σ̄s is determined for height values evaluated by four different

evaluation algorithms, which are defined in Sec. 6.6. Further, the step size Δz as well as the

threshold to define the evaluation range of the response signals are changed iteratively.

The resulting standard deviations are depicted in Fig. 8.2. In Fig. 8.2a, the standard

deviations for the linear centroid (blue line) evaluation algorithm show the highest values

compared to the other evaluation algorithms applied to sampled intensity values defined

by a threshold factor of 50% with respect to the maximum intensity of the corresponding

response signal. The determined minimum for the linear centroid method is 2.201 nm at

a step size of 10 nm. Reduced values are given for the squared centroid algorithm (red

line) with a minimum of 1.464 nm. The fitting methods provide the lowest values, with

0.623 nm as minimum for the parabolic method (green line) and 0.591 nm as minimum

for the Gaussian algorithm (violet line). Up to a step size of 40 nm, the Gaussian fitting

method provides a standard deviation of less than 1 nm. The values of the determined

standard deviations increase with increased step size for all evaluation algorithms and

thus the measurement uncertainty increases. The fitting methods provide the lowest σ̄s
of 1.361 nm for the Gaussian and 2.73 nm for the parabolic fitting method at a step size

of 80 nm. In case of an increased threshold factor the determined results show a similar

course, as shown in Fig. 8.2b for a threshold of 60%, in Fig. 8.2c for 70% and 80% in

Fig. 8.2d. However, the standard deviations increase with increased threshold, which is

a consequence of a reduced number of sample points for the corresponding evaluation

algorithm. The reduced number of sample points show a stronger effect on the centroid

evaluation methods compared to the fitting algorithms. Whereas the standard deviation

σ̄s at a step size of 10 nm is less than 1 nm up to a threshold of 70% for the Gaussian

fitting method, the standard deviation is less than 1 nm up to a threshold of 60% in

case of a typically used step size of 30 nm. Since the FWHM of the response signal

is approx. 420 nm (see Fig. 6.12), a step size higher than 80 nm is not useful. In case
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Figure 8.2: Repeatabilities of the SCM described in Sec. 6.5 with an NA of 0.95. The
repeatabilities are specified by standard deviations σ̄s determined for various
step sizes and threshold factors of a) 50%, b) 60%, c) 70% and d) 80%.
For evaluation of the obtained response signals the linear centroid (LC), the
squared centroid (SC), the Gaussian fitting (GF) and the parabolic fitting
(PF) methods are applied.

of the repeatabilities determined for the Mirau CSI depicted in Fig. 8.1, the Gaussian

fitting method with a threshold of 60% is used to determine the location of the envelope

maximum. A comparison of the standard deviations obtained for the CSI using envelope

evaluation and the SCM for a threshold of 60% leads to a lower measurement uncertainty

in case of the SCM. This is a consequence of a reduced FWHM of the response signals

caused by the filtering effect of the pinhole in the confocal microscope.

In order to investigate the repeatability for a reduced SNR value comparable to those

performed by the Mirau CSI, a measurement series of ten repeated measurements is per-

formed by the SCM with a step size of 30 nm on the optical glass flat, which was already

used to determine the standard deviations for the CSI noted in Tab. 8.2. The standard

deviations determined for various step sizes and evaluation algorithms are depicted in

Fig. 8.3. A comparison between the results depicted in Fig. 8.2 and Fig. 8.3 shows an in-

crease of the values obtained from the optical glass flat. In case of the Gaussian evaluation

the standard deviation increases from 0.804 nm to 1.732 nm for a threshold of 50%, from
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0.981 nm to 2.08 nm for 60%, from 1.775 nm to 2.47 nm for 70% and from 1.611 nm to

3.458 nm for a threshold of 80%, which corresponds to a raise of approx. 46%. This value

is significantly higher compared to the increase of approx. 35% obtained for the Mirau

CSI. A possible reason is given by the higher SNR value for the signals obtained by the

CSI compared to those of the SCM due to a higher contrast caused by the interference.
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Figure 8.3: Standard deviation σ̄s representing the repeatability of measured height values
obtained from an optical glass flat using an SCM with a step size of 30 nm for
several threshold factors.

8.1.2 Point-wise measuring topography sensors

According to investigations in [124], the standard deviation σs of the AFM corre-

sponds to 199 pm for an inactive air bearing and 676 pm for an active air bearing of the

xy axes. Here, the standard deviation σs is determined according to Eq. 8.2 of an identical

single point on the surface under investigation. However, the digital vertical resolution of

the AFM is limited to 340 pm, which is higher than the determined standard deviation

obtained for an inactive air bearing and hence limits the repeatability. A full-field mea-

surement is enabled by the deflection of the used cantilever by three electrical coils. The

corresponding averaged standard deviation σ̄s determined according to Eq. 8.3 is 460 pm

in case of an inactive air bearing and 1.65 nm for an active air bearing. In case of the

MarVision IPS 15 an overview of standard deviations determined according to Eq. 8.2 is

listed in Tab. 8.3. Here, a measurement series of 5500 height values is measured at the

same position of the corresponding specimen, which is used to determine the standard

deviation. This process is repeated for ten times and subsequently, the average of the

resulting standard deviations is calculated. According to this strategy, the standard devi-

ation is determined for height values acquired from an aluminum mirror, which leads to a

resulting value of 0.7 nm for an inactive air bearing and 1.866 nm with active air bearing.

Similar standard deviations are determined for height values acquired from the optical

glass flat. Since the reference beam of the IPS is obtained at the glass to air transition

of the fiber coupled sensor probe, the contrast of the interference signal can be increased

for glass surfaces. For this purpose the camera gain is increased to 9 times, which leads

to a slightly reduced standard deviation in case of an inactive air bearing. An influence

on the height values by the used oscilloscope for data acquisition is reduced due to its
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high sampling frequency of 2.4MHz compared to the data rate of 6000 height values per

second, which enables an average of 2400/6 = 400 sampled height values.

Table 8.3: Standard deviations σs determined for multiple height values measured by the
MarVision IPS 15 on a glass flat and an aluminum mirror using a camera gain
of 1 and 9 for the for the glass flat.

Glass, gain=1 Glass, gain=9 Aluminum mirror

Active air bearing 1.796 nm 1.862 nm 1.866 nm

Inactive air bearing 0.708 nm 0.677 nm 0.700 nm

As documented in [407], the repeatability for the ICDS1 corresponds to σs = 0.55 nm,

while the air bearing is inactivated during the acquisition of height values. In case of an

active air bearing the determined standard deviation increases to 1.95 nm. These values

are a result of 70000 height values acquired in a short time slot of 1.2 s on an aluminum

mirror. In order to measure a profile of the surface under investigation, the sensor or the

specimen needs to be scanned laterally. In case of the IPS and the ICDS the xy linear

stages with air bearing are used to move the measurement object laterally and thus to

perform the lateral scan. Vertical oscillations of different frequencies can occur depending

on the scanning speed. In [407] it is shown that a scanning speed of 2mm/s leads to

a vertical oscillation with an amplitude of ±30 nm and a frequency of approx. 200Hz.

Critical scanning velocities are limited to the range of 2 to 5mm/s.

A similar strategy as for the IPS to determine the repeatability is used for the ICDS2.

Here, the standard deviation of 80000 height values measured at the same point of the

surface under investigation is calculated. This is repeated for four times and the result-

ing standard deviations are averaged to specify the repeatabilities, which are listed in

Tab. 8.4 for both used laser wavelengths and two different specimens. In case of height

values acquired from an aluminum mirror with inactive air bearing during the measure-

ment process, a standard deviation σs of 1.049 nm results for a laser wavelength of 1490 nm

and 1.052 nm for a wavelength of 1550 nm. In contrast, the standard deviations increase

to 2.396 nm and 2.415 nm when the air bearing is activated during the measurement pro-

cess. This method to compute the repeatability is applied for an optical glass flat as

the measurement object. The laser intensities are increased to their maximum for the

measurement on glass, whereas the laser intensities used for the measurement on the alu-

minum mirror are limited to 85% of its maximum and thus, the contrast of the detected

Table 8.4: Standard deviations σs determined for height values measured by the ICDS2
with two lasers of different wavelengths on an aluminum mirror and an optical
glass flat as the measurement object.

Laser wavelength 1490 nm 1550 nm

Specimen Mirror Glass Mirror Glass

Active air bearing 2.396 nm 2.603 nm 2.415 nm 2.757 nm

Inactive air bearing 1.049 nm 1.847 nm 1.052 nm 1.714 nm
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interference is improved. Note that the dynamic range of the ICDS is not limited by

the intensity offset of the detected interference signals, as it is the case for camera based

interferometer such as the IPS. Therefore, the contrast of the interference signal can be

further increased by a higher amplification of the electrical interference signals or by using

a laser source of higher optical power. The resulting electrical interference signals com-

prise half of the amplitude of those obtained from the aluminum mirror. This leads to

an increased standard deviation resulting for active and inactive air bearing, as shown in

Tab. 8.4. In comparison to the standard deviation for the ICDS1, the standard deviation

determined for the ICDS2 is approximately twice as large, although the contrast of the

interference is higher as that obtained by the ICDS1. This is a result of systematic devi-

ations superimposed on the detected height values, as can be seen in Fig. 8.4a. From the

frequency spectrum in Fig. 8.4b, several spurious frequencies can be obtained, including

a superposition with an oscillation frequency of 5.5 kHz and its harmonics. Figure 8.4c

shows a section of the spectrum in the frequencies range of 5.3 kHz to 5.7 kHz. It appears

that two further peaks are placed next to the frequency peak at 5.5 kHz with a distance

50Hz, which indicates a modulated signal with the carrier frequency of 5.5 kHz. A pos-

sible reason for these spurious oscillations provides the mounting of the sensor, which is

executed by a magnetic connection in order to enable a simple sensor replacement.
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Figure 8.4: Measurement series of 80000 height values measured by the ICDS2 with an
oscillation frequency of 40 kHz. a) Section of the height values, b) frequency
spectrum of the entire measurement series with the amplitude A and c) section
of the spectrum.
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8.2 Groove depth standard

Deviations in the measurement parameters of the topography sensor such as an uncal-

ibrated illumination wavelength, may lead to deviations in the measured height values. A

corresponding calibration of the measured height values can be performed by the groove

depth standard from Halle GmbH [512]. Its surface consists of an optical highly reflective

hard nickel layer. Six grooves of various heights Δhnom and edge slope angles α are given,

as a profile measured by the tactile stylus instrument GD26 in Fig. 8.5 shows. The corre-
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Figure 8.5: Profile of a groove depth standard with the product number KNT 4080/03
from Halle GmbH measured by the tactile stylus instrument GD26.

sponding values for the nominal groove heights and the slope angles are listed in Tab. 8.5.

As can be seen in this table, groove 1 and 2 have significantly larger slope angles than

the remaining grooves. This allows to record a height difference even for microscopic

topography sensors with small measuring field. In the case of groove 1 with a height of

75 �m, the sloped flank occupies a lateral distance of 103.23�m and for groove 2 with a

height of 24 �m, the lateral extension of the slope covers a length of 33.03�m, which must

be exceeded by the measuring field of the used topography sensor. The slope angle of the

third groove is 3.4 degrees, which occupies a lateral distance of 126.24�m with a height

difference of 7.5 �m.

Table 8.5: Characteristic values of the individual grooves of the depth standard, which is
depicted in Fig. 8.5.

Groove 1 2 3 4 5 6

α (�) 36 36 3.4 3.4 3.4 3.4

Δhnom (�m) 75.0 24.0 7.5 2.4 0.75 0.24

Table 8.6 shows the groove heights ΔhSCM measured by the SCM and evaluated by the

evaluation software provided by the manufacturer based on a centroid algorithm. These

height values are determined by performing a measurement series of 20 repeated mea-

surements on the same position of each groove under investigation. Each height of the

measured grooves is validated following the procedure described in DIN EN ISO 5436-1

[513]. This means that the measured structure is leveled at first. Since the measurement
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field of the SCM covers not the complete lateral extension of a groove, only parts of one

upper and the lower plateau are used to calculate the height difference. For this purpose,

height values obtained from a section of the upper and lower plateau are averaged, re-

spectively. Then, the groove height of a single measurement results by the difference of

the averaged values. This procedure is performed for all repeated measurements and the

resulting height differences are averaged to form the height difference of the corresponding

groove listed in Tab. 8.6. The determined height differences agree well with the nomi-

nal values, except for the height difference of the first groove, which is due to the fact

that the SCM has already been calibrated on a comparable calibration standard by the

manufacturer. In contrast, the profile measured by the tactile instrument (see Fig. 8.5)

Table 8.6: Depths of several grooves on a depth standard measured by an SCM and the
tactile stylus instrument GD26.

Groove 1 2 3 4 5 6

ΔhSCM (�m) 75.488 24.011 7.494 2.399 0.748 -

ΔhGD26 (�m) 76.258 24.286 7.653 2.450 0.767 0.247

ΔhGD26,corr (�m) 75.360 24.0 7.5 2.401 0.752 0.242

provides groove heights, which slightly deviate from the nominal values. Adjusting the

measured heights by multiplying them by a correction factor results in good agreement

between the calibrated heights ΔhGD26,corr and the nominal values, as shown in Tab. 8.6.

Note that the first two grooves are measured in a mode where the vertical measurement

range is limited to ±250 �m, whereas the other four grooves are measured in the second
mode where the vertical measurement range is limited to ±25 �m. Therefore, different

correction factors must be determined for the first two grooves and the other four. For

this purpose the first two grooves are calibrated by a correction factor of approx. 0.988

obtained from groove 2, whereas the other grooves are adjusted by a correction factor of

0.980 determined with respect to groove 3.

The groove heights measured by a CSI with a 100x Mirau objective and a blue LED

as illumination source are listed in Tab. 8.7. For this purpose a measurement series of 20

repeated measurements is performed on each groove of the depth standard. The groove

heights are determined by the same procedure as for the SCM. Since the measurement

field of the 100x Mirau interferometer comprises a lateral width of 112.64�m, the height

differences of groove 1 and groove 3 are not detectable. The groove heights are determined

by envelope and phase evaluation. In addition, the measurements are completed with dif-

ferent scanning velocities of the depth scan. The scan velocity of vs = 1.5 �m/s represents

a frame rate of 50Hz of the camera used, while a scan velocity of 2.7 �m/s results from a

frame rate of 90Hz and 180 fps leads to an axial scan velocity of 5.4�m/s. Except for the

measured height difference of the sixth groove, the measurement results evaluated with

the envelope and phase evaluation show a good agreement among each other. However, it

can be observed in Tab. 8.7 that the measured height differences of the last three grooves

are below the corresponding nominal value, while the height differences measured at the

second groove are 50 to 60 nm above the nominal value. These deviations are possibly

caused by a not ideal linear scan movement of the vertical positioning axis of the Mirau
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Table 8.7: Height differences of several grooves measured by a Mirau CSI with 100x mag-
nification and blue LED for illumination. vs represents the scan velocity of the
performed depth scan.

vs (�m/s) Groove 1 2 3 4 5 6

1.5
ΔhCSI,Env (�m) - 24.048 - 2.386 0.737 0.232

ΔhCSI,Phase (�m) - 24.048 - 2.386 0.739 0.239

2.7
ΔhCSI,Env (�m) - 24.058 - 2.391 0.738 0.227

ΔhCSI,Phase (�m) - 24.057 - 2.392 0.739 0.239

5.4
ΔhCSI,Env (�m) - 24.062 - 2.396 0.737 0.226

ΔhCSI,Phase (�m) - 24.060 - 2.396 0.740 0.237

CSI or other disturbing influences during the depth scan. In addition, a slightly increasing

height difference with increasing scan speed can be seen in the entries of the table. This

also indicates an influence of the scan axis on the measurement results, which, however,

is expressed by small measurement deviations and can no longer be observed at the last

two grooves.

Figure 8.6 compares profiles of the groove depth standard measured with the ICDS2

for two different lateral scanning velocities. The profile in Fig. 8.6a is measured with a

scanning velocity of 20mm/s. As can be seen, the heights of the last four grooves could

be detected with this topography sensor, although the height differences of grooves 3 to

5 are larger than the unambiguous range of ±372.5 nm for a laser wavelength of 1440 nm

and ±387.5 nm for a wavelength of 1550 nm. This can be explained by the fact that the

previously mentioned unambiguous ranges limit the unambiguous assignment of two suc-

cessive height values, and since the low slope angle of the last four grooves is rather flat

(3.4 degrees), height values at the sloped flank are also detected with this sensor. For this

reason, the unambiguous range is not violated and the groove heights can be detected

correctly. In the case of the first two grooves, there is a slope angle of 36 degrees, which

theoretically requires an NA of 0.6. Since the numerical apertures of the ICDS1 and the

ICDS2 with approx. 0.4 and 0.2 are clearly below this, an unique determination of the

height differences of the first two grooves is not possible with these two sensors. An ex-

tension by a second wavelength to increase the unambiguous range according to Sec. 7.2.2

leads to an unambiguous range of approx. ±9.6 �m for the wavelength combination of

1490 nm and 1550 nm and thus, is also too low to measure the height differences of the

first two grooves. At the lateral scan speed used here, a profile of the entire measurement

structure of the groove depth standard can be acquired below one second. The surface

structure can still be measured with the ICDS even at higher scan velocities, as shown by

a profile measured with a scan velocity of 75mm/s depicted in Fig. 8.6b. The measured

profile exhibits a superposition of the groove structure with a periodic oscillation resulting

from the acceleration and deceleration of the scan axis. Spatial filtering can be used to

separate this spurious vibration from the surface structure to be measured. Another pos-

sibility is a lateral offset to the scan range, so that the mechanical oscillation is decayed

before the structure to be measured is reached. The speed of 75mm/s represents the
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Figure 8.6: Profiles of the last four grooves from the depth standard measured by the
ICDS2 with a lateral scan velocity of a) 20mm/s and b) 75mm/s.

maximum of the used y axis. Nevertheless, measurements with higher scanning velocities

are possible with this topography sensor, if a suitable scan axis is used.

Table 8.8 shows the measured results for the last four grooves of the depth standard

obtained by the ICDS2 with several lateral scan velocities vs. The height differences are

determined according to DIN EN ISO 5436-1 [513]. For this purpose, the measured height

values of the upper left and right plateau regarding to the groove under investigation

are taken into account to align the respective groove by means of a compensation line

obtained from the resulting values. Subsequently, an averaged value is calculated from a

selected area of the bottom plateau as well as the aforementioned upper plateaus. Then,

the differences between the averaged values obtained from the left upper plateau and

bottom plateau as well as from the upper right and bottom plateau are determined.

The two resulting height differences are then averaged. This procedure is performed to

each measured groove. Furthermore, this validation strategy is applied to 6 repeated

profiles measured by the ICDS2 at the same position at short time intervals. The average

of the resulting height differences represent the height difference of the groove under

investigation. Note that the resulting height differences shown in Tab. 8.8 are adjusted

by a correction factor

C =
Δhnom
ΔhICDS2

, (8.5)

which is determined at the third groove with a nominal height difference of 7.5�m. As can

be seen, the values determined for the ICDS2 with a wavelength of 1550 nm of the used

laser light source show a good agreement with the nominal values from Tab. 8.5. Likewise,
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an almost constant correction factor C can be seen for these height values, apart from the

one resulting at the lateral scanning speed of 1mm/s. The determined height differences

for the laser wavelength of 1490 nm also show good agreement with the nominal values

for the lateral scan velocities of 20mm/s and 75mm/s. In addition, the correction factors

determined here are almost identical. In contrast, the height differences determined for

the other scan velocities deviate stronger at the fourth groove from the nominal value

compared to those obtained with the scan velocities of 20mm/s and 75mm/s. Here, a

deviation of 10 nm to 20 nm is observable. A possible reason for these deviations is the air

bearing scan axis, which generates mechanical vibrations of varying amplitude depending

on the traverse speed. As reported in [407], oscillations of 200 Hz with amplitudes in the

order of ±30 nm can occur at scan speeds of 2mm/s. In contrast, a smoother running

behavior can be observed at higher movement velocities. Further, vibrations caused by

the air bearing are investigated in Sec. 3.3 for several scan velocities and both horizontal

scan axes. Another possible reason can be a change of the wavelength in the laser light

sources, which can be effected by a change in the ambient temperature or alterations

in the power supply. However, these influences change the wavelength only to a small

extent (e.g., 0.1 nm/�C), as discussed in Sec. 7.5.1. In addition, the measurement time

of the profile shown in Fig. 8.6 is below three seconds for a scan velocity of 1mm/s and

significantly below one second for the other scan velocities. In sum, the measured results

show that a calibration is necessary in order to meet the nominal groove depth values. In

addition, the groove depths of the standard are measurable by the ICDS with high lateral

scan velocities, which provides comparable results to those obtained for lower velocities.

With the exception of the height differences determined at groove 6, the other values

show a relative deviation from the corresponding nominal value of less than 1%. The

absolute deviations of the height differences measured at the groove 6 are in the range of

Table 8.8: Depths of different grooves of the depth standard specified in �m. These values
are measured by the ICDS2 with two different laser wavelengths at the same
time for several lateral scan velocities vs. C represents the correction factor to
adjust the measured height values, which result due to the relation of nominal
to measured height difference of groove 3.

vs (mm/s) Laser wavelength Groove 3 Groove 4 Groove 5 Groove 6 C

1
1490 nm 7.5 2.410 0.752 0.243 1.0130

1550 nm 7.5 2.395 0.747 0.243 0.9991

10
1490 nm 7.5 2.420 0.754 0.245 1.0162

1550 nm 7.5 2.405 0.751 0.244 1.0029

20
1490 nm 7.5 2.401 0.749 0.241 1.0095

1550 nm 7.5 2.404 0.750 0.243 1.0033

50
1490 nm 7.5 2.411 0.748 0.248 1.0105

1550 nm 7.5 2.407 0.749 0.249 1.0043

75
1490 nm 7.5 2.399 0.749 0.241 1.0093

1550 nm 7.5 2.397 0.751 0.236 1.0029
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one digit nanometers, which inter alia occur from measurement deviations of the sensor

and mechanical vibrations of the scan axis.

A calibration of the height values obtained by the IPS is also necessary, because the

height values of the topography sensor are given as an electrical voltage from the evaluation

unit. The recorded voltage level must be assigned to a corresponding height value. For

this purpose, the last four grooves of the depth standard are measured by the IPS with a

lateral scan velocity of 1mm/s. Then, the height difference of each groove is determined

according to the validation strategy used for the ICDS2 before. Since the total voltage

range of the measured height values is expected to be ±10 V, the 18 bit resolution of the
applied data acquisition unit yields a voltage resolution ΔUIPS of 73.3 �V. With regard to

the third groove with a nominal value of 7.5 �m a ratio of approx. 0.59 nm/ΔUIPS occurs.

The resulting height differences are listed in Tab. 8.9. With the exception of the height

difference determined at groove 3, the measured values show a small absolute deviation

from the nominal values. In the case of the height difference measured at the fourth

groove, there is a deviation of 16 nm from the nominal value of 2.4 �m. The relative

deviation from the corresponding nominal value is consistently less than 1%.

Table 8.9: Height differences ΔhIPS of the four last grooves of the depth standard measured
by the IPS with a lateral scan velocity of 1mm/s.

Groove 3 4 5 6

ΔhIPS (�m) 7.500 2.384 0.747 0.242

Figure 8.7 shows the resulting profile of the depth standard, which is measured by

the IPS with a lateral scan velocity of 1mm/s. As can be seen in particular from the

lower plateau of groove 5, the measured structure suffers from phase jumps which are

often below a quarter of the illumination wavelength and thus make a correction more

difficult. A solution is provided by an algorithm described by Niehues et al. [231], where

the distinction between phase jump and real height jump of a profile is performed by

comparing the measurement results obtained for two different wavelengths. Due to the

occurrence of phase jumps, no measurements of the groove depth standard that correctly

reproduce its structure could be performed with higher lateral scanning speeds.
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Figure 8.7: Profile of the last four grooves of the depth standard measured by the MarVi-
sion IPS with a lateral scan velocity of 1mm/s.
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8.3 Chirp structure

Since the period length is continuously varied, a chirp structured surface profile pro-

vides a suitable measuring object to investigate the transfer behavior of topography sen-

sors. In this section, a sinusoidal chirp standard manufactured by the PTB [514] is used

for comparison measurements. As shown in Fig. 8.8, the standard is separated into two

chirp structures comprising various period lengths: a coarse chirp with nominal spatial

wavelengths in the range of 10 m to 91 m and a fine chirp structure, which comprises

structures with nominal spatial wavelengths in range of 4.3 m to 12 m. However, PTB

manufactured the standard with a shortest wavelength of 3.8 m. The sinusoidal structure

with the smallest wavelength is located in the center of the corresponding chirp structure,

while the period of the sinusoidal structure in both directions starting from the center

increases symmetrically until the maximum period length is reached. The coarse chirp

structure extends across a length of 1894.2 m, whereas the fine chirp structure is limited

to a range of 238.2 m. Both sinusoidal structures comprise a nominal peak-to-valley (PV)

amplitude of 400 nm. These structures are measured by several topography sensors in the

following sections to investigate their transfer behavior.
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Figure 8.8: a) Photograph of the chirp standard manufactured by the PTB and b) a profile
of its surface measured by the tactile stylus instrument GD26. The red line
in a) represents the position of the extracted profile.

8.3.1 Coarse chirp

A comparison of profiles from the coarse chirp structure measured by several topog-

raphy sensors is depicted in Fig. 8.9. A profile obtained by the tactile stylus instrument

GD26 with a lateral scan velocity of 0.5mm/s is shown in Fig. 8.9a. As displayed, the

PV-amplitude of the longer wavelengths is approx. 400 nm, which is in agreement with

the nominal value. In the central region of the chirp, where the structure with the lowest

period length is located, a constriction of the upper side of the measured profile can be

seen. At this location, the PV-amplitude reduces to approx. 351 nm. Figure 8.9b shows

the coarse profile measured with the ICDS1 using a laser wavelength of 1550 nm and a

lateral scan velocity of 50mm/s. The PV-amplitude of the longer period lengths is again

approx. 400 nm. Minor changes in the low single-digit nanometer range can be seen in the

amplitudes of the measured profile, which are probably caused by vibrations of the air-

bearing scan axis, measurement deviations of the used topography sensor or correspond
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to the real structure. The measured constriction in the middle of the profile is increased

for the ICDS1 leading to a PV-amplitude of approx. 342 nm. This lower value is a result

of the limited lateral resolution due to an NA of approximately 0.45 (see Sec. 7.3.7). In

Fig. 8.9c, the coarse chirp profile measured by the IPS15 with a lateral scan velocity of

0.5mm/s is depicted. As in the case of the measurement results previously shown the
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Figure 8.9: Profiles of the coarse chirp structure from the chirp standard manufactured by
PTB measured by a) the tactile stylus instrument GD26 with a lateral scan
velocity of 0.5mm/s, b) the ICDS1 with a scan velocity of 50mm/s, c) the
IPS15 with a scan velocity of 0.5mm/s and the ICDS2 with a scan velocity
of d) 10mm/s and e) 50mm/s using the laser wavelengths 1490 nm (red) and
1550 nm (blue).
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PV-amplitude of the higher period lengths is around 400 nm. In contrast, the value of

the amplitude in the center of the profile is 350 nm and thus shows a better agreement

with the value of the GD26 compared to the value obtained by the ICDS1. This is due to

the higher NA of 0.5 for the probe used in the IPS15. From the displayed profile, some

phase jumps can be seen. Since these are clearly below half the illumination wavelength,

a correction is difficult, as already described in the previous paragraph. At higher lateral

scan velocities, such phase jumps occur more frequently.

Several profiles of the coarse chirp structure measured by the ICDS2 are depicted in

Fig. 8.9d for a lateral scan velocity of 10mm/s and for 50mm/s in Fig. 8.9e. Note that

the red profiles are measured using a laser wavelength of 1490 nm and a wavelength of

1550 nm is used for the blue profiles. The profiles measured at the two scan velocities

and the different illumination wavelengths provide PV-amplitudes of approx. 400 nm for

the structures of higher wavelengths. In addition to the upper side of the profiles, a

constriction of the lower side occurs in the center of the measured profiles. This is a result

of the low NA of 0.24 of the used ICDS2, leading to a stronger low pass filtering effect

compared to the profiles measured by the other topography sensors. The filtering effect

increases with increasing scan velocity, as shown by a comparison of the profiles acquired

at a lateral scan velocity of 10mm/s (see Fig. 8.9d) and 50mm/s (see Fig. 8.9e). In case

of the profiles obtained at 10mm/s, the PV-amplitude in the center of the profiles is

approx. 261 nm, whereas the profiles obtained at a scan velocity of 50mm/s it reduces to

approx. 230 nm. Except for outliers due to phase jumps, the profiles measured using the

laser wavelengths of 1490 nm and 1550 nm agree quite well. The phase jumps are mainly

present in the profile measured at the wavelength of 1550 nm, suggesting a dependence

on the illumination wavelength. However, these phase jumps are less pronounced in the

chirp profiles measured with a lateral scanning speed of 50mm/s but they need further

investigation. The steps at the beginning and the end of the chirp profile have a height

of 400 nm, which exceeds the respective unambiguous range of ±372 nm for λ = 1490 nm

and ±387 nm for λ = 1550 nm and thus represent a critical measurement structure. Due

to the high sampling rate of the ICDS and a favorable position of the sampling points,

the step heights can still be detected correctly. However, phase jumps may also occur

in same cases so that the step heights might not be reproduced correctly, as it is for

example shown for the left steps in Fig. 8.9b and Fig. 8.9e. Note that the left side of all

measured profiles is overlayed by a slight curvature, which is part of the real structure of

the measurement standard. In case of the profiles measured by the ICDS2 at a lateral

scan velocity of 50mm/s, an additional overlap with an oscillation exist, resulting from

vertical deflections caused by the acceleration of the scan axis.

In case of the Mirau CSI and the SCM regarding Sec. 5.6 as well as Sec. 6.5, the

measurement fields are too small in their spatial xy expansion to measure the entire

structure of the coarse chirp. However, the multisensor measuring system (see Ch. 3)

enables a lateral displacement of the specimen over a defined length after a measurement

with the Mirau CSI or the SCM. The travel distance measured via the encoder of the

linear axis can be used to stitch together several laterally shifted measurement fields of a

topography sensor. This procedure is used to measure the entire structure of the coarse

chirp by CSI using a 10x Mirau objective with a measurement field of 1126× 1126 �m2



164 CHAPTER 8. COMPARISON MEASUREMENTS

(see Tab. 5.2) and a white LED for illumination. Profiles of the result are depicted in

Fig. 8.10a, where the blue curve represents the profile resulting from envelope and the

red one from phase evaluation. The lateral stitching of the measurement fields worked

successfully. However, a vertical offset occurs between the lateral positions 0.6mm and

0.7mm. This may result from a measured height deviation at this position. In case of the

profile resulting from envelope evaluation, the height deviation at the steep slopes caused

by a too low lateral resolution resulting in a low pass filtering of the fringes, which is

also known as slope effect [10, 515]. The higher the slope, the smaller the fringe spacing

of the interference pattern. When the fringe pattern can no longer be resolved, low-pass

filtering occurs. Therefore, the critical angle of steep slopes is limited by the NA of the

used CSI. These height deviations of the envelope evaluation results lead to phase jumps

in the phase evaluation, as shown at the steep flanks of the chirp (red profile) in Fig. 8.10a.

The phase jumps can be corrected using an unwrapping algorithm [516], which assumes

a continuous profile.

The PV-amplitude of the outermost period evaluated by the envelope algorithm is

approx. 476 nm, which is significantly higher than the nominal value. In contrast, the

PV-amplitude at the same period is around 405 nm for phase evaluation and corresponds
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Figure 8.10: Profiles of the coarse chirp measured by CSI using a 10x Mirau objective. a)
Comparison of profiles evaluated with envelope (blue) and phase (red) evalu-
ation algorithms. Multiple laterally shifted measurement results are stitched
together using the horizontal xy coordinates obtained by the multisensor
measuring system. b) Section of the profile according to a) evaluated by the
envelope method. P1 -P4 represent the positions where response signals are
extracted for further investigation.
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nearly to the nominal value of 400 nm. Although the used CSI has a higher NA of 0.3

and likewise a better lateral resolution compared to the ICDS2, the PV-value at the

shortest period of the chirp structure is with 246 nm obtained by envelope and 34 nm

for phase evaluation much smaller compared to the amplitude obtained by the ICDS2.

One reason for these smaller height values is given by additional artifacts in the region

of the chirp structure with low period lengths, as shown in Fig. 8.10b. Indentations

of varying heights occur at the locations of the upper peaks. These are characteristic

for systematic measurement deviations, such as those caused by the wavefront effect, as

reported by Mauch et al. [13]. However, at the location of the lower peaks hardly any

deviation can be detected which could be attributed to this effect. In order to investigate

an influence of the depth response signals, the corresponding signals from the positions

P1 - P4 (see Fig. 8.10b) are plotted in Fig. 8.11. A comparison of the interferences related

to the positions P1 and P2 (see Fig. 8.11a) of the chirp structure shows that there is

basically one main lobe. Further interference fringes of significantly lower contrast are

also observable between the sample points 150 and 200 for the signal obtained at P2. In

contrast, the response signal obtained at P4 (see Fig. 8.11b) comprises of two lobes of

similar interference contrast, which are lower compared to the interference obtained at

P3. This indicates that two interference signals destructively overlap at the P2 and P4

positions, resulting in a shift of the maximum of the envelope, similar to the so-called

batwing effect [11, 12]. In this case, the phase shift of the interference contributions

superimposed at P2 is probably smaller compared to that at P4, which in turn leads to a

smaller deviation of the measured from the real height.
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Figure 8.11: Response signals obtained from the positions marked by P1 -P4 in Fig. 8.10b.

8.3.2 Fine chirp measured by AFM and tactile stylus instrument

The Nanite AFM provides the most accurate reproduction of the fine chirp structure

compared to the topography sensors presented in the previous chapters. Since the mea-
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surement field of the AFM covers a maximum of 110 x 110�m2, the entire structure of the

fine chirp can be only measured by stitching laterally shifted measurements. However, to

avoid vibrations caused by the air stream of the air bearing xy positioning axes, the air

bearing is deactivated during a measurement. As a result, the linear axes lower them-

selves by a few micrometers, which can cause an undefined lateral displacement of a few

micrometers. This in turn makes it difficult to accurately locate the measurement field on

the surface to be measured and thus to stitch multiple laterally displaced measurements.

Therefore, the profile measured by the AFM and depicted in Fig. 8.12a is limited to a

range of 103 �m. This profile is measured with a lateral scan velocity of 55�m/s and a

sampling interval of 100.8 nm in the dynamic mode using a Tap190Al-G cantilever from

BudgetSensors [517]. The PV-amplitude of the outer chirp structure is approx. 400 nm

with small deviations of less than 7 nm. In the center of the fine chirp structure, there is an

one-sided constriction as in the coarse chirp structure with a reduction of the height values

of approx. 32 nm. Furthermore, the upper peaks of the chirp structure in the middle of

the chirp standard are tapered, resulting in a sharp-combed chirp structure. In addition,

the minimum period length measured by AFM corresponds to 3.8 �m, which deviates

from the nominal length of 4.3 �m. This profile can be used as a reference to characterize

the transfer behavior of the investigated topography sensors, e.g. to determine the lateral

resolution of the ICDS1 and the SCM in [119].

A profile of the fine chirp structure measured by the tactile stylus instrument GD26

with a lateral scan velocity of 0.5mm/s is depicted in Fig. 8.12b. The profile is sampled

by a probe with 2 �m tip radius and a cone angle of 60 � according to DIN EN ISO 3274

[81]. While the measured PV-amplitudes of the outer structures are around 400 nm, the

amplitude in the center is reduced to 337 nm. The deviation from the profile measured by

the AFM is probably due to a lower lateral sampling interval of 0.5 �m. As can be seen in

Fig. 8.12b, the fine chirp structure is fully resolved by the tactile stylus instrument in spite
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Figure 8.12: Profiles of the fine chirp structure measured by the a) Nanite AFM and b)
tactile stylus instrument GD26.



8.3. CHIRP STRUCTURE 167

of theoretical minimum radius of curvature of 1.83�m of the sinusoidal structure with a

period length of 3.8�m, which is lower than the tip radius of 2 �m. This can be explained

by the fact that the chirp structure in the center due to the sharp-combed peaks almost

resembles a rectified sine function of twice the period of the nominal sinusoidal structure,

as investigated in [119].

8.3.3 Fine chirp measured by Mirau based CSI

In this section, measurement results performed on the fine chirp using the CSI with

several Mirau objectives are compared. Figure 8.13a shows the profile measured by the

Mirau CSI with 10x magnification, an NA of 0.3 and a white LED (center wavelength is

690 nm) as illumination source. As expected from the previously presented results of the

coarse chirp, the structure of the fine chirp is not fully resolved. A sinusoidal structure

can only be assumed for the profile evaluated with the envelope algorithm. The profile

evaluated with the phase evaluation rather suggests a rectangular structure with changing

period length for the outer area, while in the center of the measured profile a periodic

structure with PV-amplitudes of 5 nm to 10 nm can be extracted. This is probably a result

of the low NA and measurement deviations caused by effects, which could be observed in

case of the measured profile of the coarse chirp structure already. In contrast, the use of

the 50x Mirau objective with an NA of 0.55 and the white LED used for the measurement

provides a significantly better resolved profile of the fine chirp structure, as shown in

Fig. 8.13b. As can be seen from the profile evaluated with the envelope algorithm (blue

course), measurement deviations are present at the steep flanks, which result from the

slope effect [10, 515]. This leads to phase jumps in the profile determined by the phase

evaluation (red course), which can be corrected by unwrapping as illustrated by the green

profile in Fig. 8.13b. The PV-amplitude of the outer chirp structure with highest period

length amounts to 403 nm and thus, is in good agreement with the nominal value. At the

center of the fine chirp, the PV-amplitude of the chirp structure with lowest period length

is approx. 338 nm, which is lower than the value of 368 nm determined by the AFM and

results from a low pass filtering of the sharp-comped peak. On the other hand, the PV-

amplitude obtained from the structure with highest period length of the profile evaluated

by the envelope algorithm is approx. 516 nm and that of the lowest period in the center of

the measured profile (neglecting the outliers) amounts to 383 nm. Both values are higher

compared to those determined by the AFM. Such an effect can be observed for sinusoidal

structures evaluated with the envelope algorithm, as shown in Sec. 8.5 as well as by a

comparison of measured and simulated sinusoidal structures in [136].

According to the investigations of Lehmann et al. [10], measurement deviations ob-

tained at steep slopes of the measured structure caused by the slope effect are reduced

using a CSI with increased NA, as a comparison between the profiles depicted in Fig. 8.13b

and Fig. 8.13c shows. For the latter, a Mirau CSI with 100x magnification, an NA of 0.7

and a white LED for illumination is used. As can be seen from the profile evaluated

with the envelope algorithm, there is hardly any measurement deviation caused by the

slope effect. Therefore, the profile determined with the phase evaluation shows a cor-

respondingly small number of phase jumps, which are corrected by unwrapping in the

green profile. However, the PV-amplitude of the outermost (y ≈ 4 �m) measured texture
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is with 372 nm significantly lower compared to the nominal value of 400 nm. Similarly,

the amplitude at the center of the measured chirp structure is with 326 nm significantly

lower than the value obtained by the AFM. Although the NA of the Mirau objective used

for this measurement is higher compared to that used for the profiles in Fig. 8.13b, the

PV-amplitude obtained from the center of the measured profile is also lower than that

determined by the lower NA of 0.55. The amplitude of 395 nm obtained at y = 32 �m

by the CSI with an NA of 0.55 also larger than the PV-amplitude from the same period

obtained by the CSI with an NA of 0.7. The PV-amplitude at the same lateral position
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Figure 8.13: Profiles of the fine chirp structure measured by CSI using Mirau objective
of a) 10x, NA = 0.3 and white LED, b) 50x, NA = 0.55 and white LED, c)
100x, NA = 0.7 and white LED, as well as d) 100x, NA = 0.7 and red LED
for illumination. The blue profiles are evaluated by envelope, the red profiles
by phase evaluation and the greens represent the unwrapped phase.
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of the profile evaluated with envelope algorithm corresponds to approx. 456 nm for the

100x CSI. In contrast, the profile measured by CSI using the 100x Mirau objective with a

red LED for illumination instead of a white LED evaluated by phase algorithm provides

a PV-amplitude for the outermost (y = 0.5 �m) structure of 399 nm and 359 nm for the

amplitude with lowest period length. These values correspond almost to those obtained

by the AFM. Based on these results, there seems to be a wavelength dependence to the

measured heights of the chirp standard. The PV-amplitude of 481 nm obtained from the

outermost (y = 0.5 �m) and 410 nm from the central (y ≈ 50 �m) structure of the profile

evaluated by envelope method are significantly higher compared to those determined by

the AFM.

8.3.4 Fine chirp measured by SCM

In case of measurements performed by the SCM using a microscope objective with

an NA of 0.95, the best resolved profile of the fine chirp structure compared to those

obtained by the other optical topography sensors is expected. However, the blue profile

depicted in Fig. 8.14 comprises a PV-amplitude of approx. 261 nm at the central and

375 nm at the outermost chirp structure of the measured profile, which are significantly

lower compared to those obtained by the CSI using a 50x Mirau objective with an NA

of 0.55. This is a consequence of undersampling caused by an entire magnification of the

SCM corresponding to 0.453 times the objective magnification according to Eq. 6.14 in

combination with a pixel size of 7.4 �m of the used CCD camera, leading to a lateral

sampling interval of 326.7 nm (see Tab. 6.2). According to Nyquist-Shannon sampling

criterion, this sampling interval is too long for the lateral optical resolution of 300.3 nm

obtained for the SCM using an NA of 0.95 and a cyan LED (center wavelength 505 nm) for

illumination. This leads to a low pass filtering of the measured chirp structure, where the

upper peaks are filtered more strongly due to their higher spatial frequency components.

On the other hand, if the 50x is replaced by a 100x microscope objective of the same

NA, the sampling interval reduces to 163.4 nm. This interval is still not sufficient to

resolve two adjacent points according to the Rayleigh resolution criterion applied to the

confocal microscope (see Eq. 6.13), but to resolve almost two adjacent points of a distance

of approx. 324 nm according to the Rayleigh criterion for a conventional microscope (see

Eq.6.12). Therefore, the lateral resolution of the SCM using the 100x objective improves,
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Figure 8.14: Profiles of the fine chirp structure measured by SCM with a 50x (blue) and
a 100x microscope objective (red). The NA is 0.95 in both cases.



170 CHAPTER 8. COMPARISON MEASUREMENTS

leading to a significantly better resolved profile of the fine chirp structure, as shown

by the red profile in Fig. 8.14. The PV-amplitude at the outermost structure of the

measured profile corresponds to 405 nm, while for the lowest period in center of the fine

chirp structure it is approx. 262 nm. The determined amplitudes of the 100x SCM are

thus closest to those obtained by the AFM. Note that the algorithm provided by the

manufacturer is used for signal analysis.

8.3.5 Fine chirp measured by ICDS and IPS

In this section, measurement results of the fine chirp structure obtained by ICDS1,

ICDS2 and IPS are presented. The profile measured by the ICDS1 at a lateral scan

velocity of 1mm/s is depicted in Fig. 8.15a. In addition to a resolved chirp structure, a

low-pass filtering effect can be observed, which particularly affects the upper peaks in the

center of the measured profile. As described in the previous sections, this effect results

from the sharp-combed structure in center of the fine chirp. Note that the sawtooth-like

structure in center of the measured profile is probably a result of a maladjusted sensor.

While the PV-amplitude at the structure with highest period length is 392 nm for the

left and 402 nm at the right hand side, the PV-amplitude obtained from the sinusoidal

structure in center of the measured profile corresponds to approx. 249 nm. A profile of

the fine chirp structure measured by the ICDS1 with a lateral scan velocity of 80mm/s is

depicted in Fig. 8.15b. Despite a significantly higher scan speed, the fine chirp structure

could still be resolved. This is due to the fact that the reference mirror oscillates driven

by an ultrasonic transducer at a frequency of 58 kHz (see Sec. 7.3.1), resulting in a data

rate of 116000 height values per second when both flanks are used for evaluation (see

Sec. 7.2.1), as it is the case for the profile shown in Fig. 8.15b. However, stronger low

pass filtering occurs as a consequence of the increased lateral scan velocity. Besides a

constriction of the upper side of the measured profile, a constriction of the bottom side

also occurs. This leads to a reduced PV-amplitude of approx. 209 nm at the center of the

measured profile as well as 371 nm for the sinusoidal structure with highest period length

on the left and 376 nm for that on the right hand side of the fine chirp structure. When

comparing the profile from Fig. 8.15a with that shown in Fig. 8.15b, it is noticeable that

the constriction of the upper side appears to be smaller in the profile measured at a scan

velocity of 80mm/s. This is due to artifacts in the form of peaks in the center of the

structure in the profile measured with a scan velocity of 80mm/s.

Figure 8.15c shows the profiles of the fine chirp structure measured by the ICDS2 with

a laser wavelength of 1490 nm (red profile) and a wavelength of 1550 nm (blue profile) at

a lateral scan velocity of 10mm/s. As displayed, both profiles are strongly low pass

filtered due to the low NA of 0.24. Despite a lower NA, the profile measured with the

ICDS2 still exhibits a sinusoidal structure in contrast to that of the 10x Mirau CSI (see

Fig. 8.13a). The profiles obtained by both wavelengths are in agreement except for a few

deviations. The profile measured with a wavelength of 1550 nm shows a slightly higher

number of artifacts. The PV-amplitude at the structure with the highest period length is

279 nm for the left and 306 nm for the right hand side of the measured profile, while the

PV-amplitude corresponds to 50 nm at the center of the fine chirp for both wavelengths.

In case of the profiles obtained by the ICDS2 at a lateral scan velocity of 20mm/s (see
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Figure 8.15: Profiles of the fine chirp structure measured by the a) ICDS1 with a lateral
scan velocity vs of 1mm/s, b) ICDS1 with vs = 80mm/s, c) ICDS2 with vs
= 10mm/s, d) ICDS2 with vs = 20mm/s and e) IPS15 with vs = 0.5mm/s.
In case of ICDS1 a laser wavelength of 1550 nm is used, whereas for ICDS2
two different wavelengths of 1490 nm (red course) and 1550 nm (blue course)
are applied.



172 CHAPTER 8. COMPARISON MEASUREMENTS

Fig. 8.13d) a strongly low pass filtered structure is visible too. However, the measured

profiles are closer to a sinusoidal structure compared to the profiles obtained with a scan

velocity of 10mm/s. Furthermore, the PV-amplitudes of the chirp structure with highest

period length at the left and right hand side are with 320 nm and 343 nm higher compared

to those of the profiles measured at a scan velocity of 10mm/s. A possible cause could be

vibrations with higher amplitudes of the scan axis at lower scan speeds. As displayed in

Fig. 8.9, the profiles measured at a scanning speed of 10mm/s show a significantly higher

number of outliers than those measured at a scan velocity of 50mm/s. This also indicates

an influence of the scan axis. The PV-amplitude at the center of the measured chirp

structure corresponds to 26 nm, which is much lower compared to the value determined for

lower scanning speed as is to be expected. Note that larger measurement deviations may

occur in the center of the measured chirp structure, caused by a correction of occurring

phase jumps, as also reported by Schulz [415].

The profile obtained by the IPS15 at a lateral scan velocity of 0.5mm/s is depicted

in Fig. 8.15e. Since this sensor is a point measuring instrument, the profile does not show

any phase jumps which are caused by the previously discussed slope effect in case of the

full-field CSI. However, in the middle of the measured chirp structure deviations caused by

phase jumps are observable, which may be a result of a similar effect. The PV-amplitudes

of the chirp structures with the highest period length corresponds to 407 nm for the left

and 393 nm for the right hand side of the measured structure, while the amplitude at

the center corresponds to 306 nm. The latter value is slightly lower compared to 338 nm

obtained by the 50x Mirau CSI with an NA of 0.55 (see Fig. 8.13b). This is a consequence

of a slightly lower NA and a higher center wavelength of the illumination source.

8.4 Rectangular grating

In this section, measurement results obtained from rectangular gratings with steep

edges using the topography sensors introduced before are compared. For this purpose,

the measurement standard RS-N manufactured by Simetrics GmbH [307] is used. This

standard comprises multiple rectangular grating structures of various period lengths. The

step height of each structure of different period length Λ is determined by an AFM and

listed in Tab. 6.1. Profiles obtained from the Λ = 6 �m grating using an AFM, an SCM

and a Mirau based CSI are depicted in Fig. 8.16. For the profile measured by AFM,

the probe tip EBD-HAR made of high density carbon from Nanotools GmbH [118] is

used. Due to an opening angle of less than 8 �, this tip is especially suitable for measuring

structures with steep edges. Therefore, the measurement results obtained by the AFM

can be used as reference. However, in the profile measured by AFM, deviations in form

of overshoots at the edges may occur, as shown in Fig. 8.16a. The overshoots at the

right edges of the step structure are probably a result of not perfectly adjusted control

parameters of the AFM controller unit (see Sec. 4.2.2). These overshoots can be observed

at the left edges of the steps when the structure is scanned in the opposite direction. The

lateral distance between lower and upper positions of the edges at the left hand side of

the measured steps corresponds to approx. 300 nm. This value is at the lower limit of the

lateral resolution of the optical topography sensors used here and thus, the edges can be
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assumed to be 90 ◦.
In Fig. 8.16b, the profiles of the rectangular structure measured by SCM using a

50x (blue profile) and 100x (red profile) microscope objective are plotted. A comparison

of these two courses shows that the lower edges of the profile determined with the 50x

objective are rounded, whereas the profile measured with the 100x objective exhibits

small overshoots. As displayed, the edges of the profile measured by the 100x objective

are steeper compared to those of the 50x objective. This results from the improved lateral

resolution of the SCM with the 100x microscope objective. The overshoots represent the

batwing effect [12]. Furthermore, slightly higher step heights are observable in case of

the profile measured with the 100x objective compared to the 50x objective. Figure 8.16c

shows profiles measured by CSI using a 100x Mirau objective with an NA of 0.7 and a

white LED illumination. The blue profile results from envelope evaluation and the red

from the phase algorithm. In both cases, steep edges with high overshoots are observable.

In contrast, the profiles measured by the CSI with a royal blue LED illumination (see

Fig. 8.16d) show significantly lower overshoots at the lower and the upper sides of the
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Figure 8.16: Profiles obtained from the rectangular structure of the RS-N standard with a
period length of 6�m. The profiles are measured by a) AFM, b) SCM using
a 50x (blue) and a 100x microscope objective and CSI using a 100x Mirau
objective with c) a white and d) royal blue LED for illumination. P1 - P8
represent lateral positions of response signals used for further investigation
in Fig. 8.17.
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edges. Here, the profile obtained by the envelope algorithm shows strongly rounded edges.

The small overshoots are a result of the batwing effect, which is illustrated by comparison

of multiple response signals (Fig. 8.17) obtained from different lateral positions P1 - P8 of

the profiles depicted in Fig. 8.16c and Fig. 8.16d. As shown in Fig. 8.17a, the response

signals obtained from the lower and upper plateau of the steps differ by a phase shift of

nearly π. Since the lateral optical resolution of the used CSI is higher than the lateral

distance of approx. 300 nm between lower and upper plateau of the measured structure, a

superposition of the response signals obtained from the plateau and upper plateau occurs

at the edges. Consequently, a destructive superposition of response signals with a phase

shift of π to each other occurs, resulting in the violet and green colored response signals

depicted in Fig. 8.17a. As shown by the envelopes (dashed lines), the response signals

obtained at the edges consist of two axially shifted maxima, where in the case of the

signal at position P2 the value of the right maximum is larger compared to the left one

and vice versa in the case of the response signal of position P3. These are results of

different contributions obtained from the lower and upper plateaus in the superposed

response signal. This means that when the contribution of the lower step is higher in the

superposed response signal, the intensity of the signal obtained from the lower plateau is

higher compared to that of the upper plateau, resulting in the two shifted maxima. The

reverse case occurs in the signal response obtained at the position P3. Since the maxima

of the individual lobes are axially shifted compared to those of the signals obtained from

positions P1 and P4 as a consequence of the destructive superposition, the overshoots

known as batwings occur at the edges of the step-shaped structure. Note that the response

signals P2, P3, P6 and P7 are filtered by a Gaussian function according to the approach

described in Sec. 5.5.1, in order to achieve an improved recognizability of the two shifted
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Figure 8.17: Response signals obtained at the lateral positions P1 - P8 of the profiles de-
picted in Fig. 8.16c and Fig. 8.16d. The red dashed lines represent the en-
velopes of the response signals obtained at the positions P2 and P6, while
those belonging to P3 and P7 are represented by the black dashed lines.
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lobes in the response signals obtained at the edge of the step profile. The asymmetric

overshoots in Fig. 8.16c may be are a result of the lateral sampling interval of the used

camera.

If the effective wavelength of the interference signal is reduced to 490 nm by using

a royal blue LED, the phase shift between the response signals obtained from upper

and lower plateau is reduced, as shown by the red and blue signals in Fig. 8.17b. This

leads to lower axial shifts of the maxima of the response signals obtained at the edges

of the rectangular structure, resulting in lower overshoots compared to those obtained

from the profile measured with a white LED, e.g. 17.8 nm at the position P7 compared

to 200.4 nm at P3 for envelope and 318.2 nm for phase evaluation. From these ratios one

can derive a relationship between step height and effective wavelength of the illumination

source by the so-called height to wavelength ratio (HWR) to specify the strength of the

overshoots caused by the batwing effect, as reported in [12]. Here, the highest overshoots

are expected for an HWR of 0.25 and the lowest for 0.5. However, this is a simplified view

of the batwing effect, which is applicable here by assuming that unpolarized light is used

for illumination. In case of a TM and TE polarized illumination, the description of the

batwing effect becomes more complicated, as investigated in several studies [12, 136, 518].

The effect on the spectrum of the corresponding signals is shown by Lehmann et al. [204].

Besides a chirp structure, rectangular grating structures with various period lengths

are frequently used to determine the transfer behavior of topography sensors and especially

its lateral resolution limits. However, artifacts such as those shown in Fig. 8.17 may affect

the result. According to Eq 6.12, the theoretical optical lateral resolution limit according

to the Rayleigh criterion is approx. 400 nm for the 100x Mirau based CSI with an NA of

0.7 and a royal blue LED (central wavelength is 450 nm) illumination source. In order

to verify the lateral resolution limit of this topography sensor practically, a measurement

is performed on the rectangular structure with 400 nm period of the RS-N standard. A

section of the resulting surface topography is depicted in Fig. 8.18a. For determining this

surface topography, an evaluation wavelength λe of 490 nm is used for the phase evaluation

according to the LT-algorithm (see Sec. 5.5.2). This evaluation wavelength corresponds

approx. to the central wavelength of the spectrum from a response signal obtained on a

perfectly aligned flat mirror (see Fig. 5.11). The resulting surface topography shows a

barely discernible grating structure. In contrast, the grating with a 400 nm period length

is well recognizable in Fig. 8.18b, where an evaluation wavelength of 640 nm is used. These

observations are in agreement with investigations performed in other studies [204, 206].

The reason for the better lateral resolution of the grating is that the scattering angle

of the diffraction orders increases with decreasing period length of the grating and thus,

the resolved height information is at higher scattering angles, which are represented by

higher effective wavelengths in the spectrum of the detected interference signal. A com-

parison between profiles of the grating evaluated by phase evaluation at several evaluation

wavelengths and envelope evaluation is depicted in Fig. 8.18c. The blue profile obtained

with an evaluation wavelength of 490 nm shows no discernible grating structure. How-

ever, for higher evaluation wavelengths λe a sinusoidal structure is recognizable, where

the PV-amplitude increases with increasing evaluation wavelength. In case of the profile

obtained by λe = 640 nm the PV-amplitude is approx. 20 nm, whereas for the profiles



176 CHAPTER 8. COMPARISON MEASUREMENTS

Figure 8.18: Measurement results of the rectangular grating with 0.4 m period length of
the RS-N standard obtained by CSI using the 100x Mirau objective with
a royal blue LED. Topography sections evaluated with an evaluation wave-
length λe of a) 490 nm, b) 640 nm and c) profiles obtained with various eval-
uation wavelengths.

obtained with evaluation wavelengths of 530 nm and the 560 nm it decrease to 5 nm and

10 nm, respectively. In the black profile evaluated with the envelope algorithm, variations

between 40 nm and 80 nm can be seen in the amplitudes. These values are significantly

smaller than the step height of 151 nm measured by the AFM. A comparison between the

sinusoidal profiles evaluated with the envelope and the phase evaluation algorithms addi-

tionally show a phase shift of 180 degrees. It can be assumed that the phase of the profile

evaluated with the phase algorithm corresponds to reality, as the validation of practical

results with those of simulations in [206] confirms.

For comparison, a measurement of the rectangular grating with 400 nm period length

is performed by the SCM using the 100x microscope objective. A profile of the resulting

surface topography is depicted in Fig. 8.19. Although an NA of 0.95 is used the grating

structure is not resolved in comparison to the profile obtained by the Mirau CSI with a

lower NA of 0.7. Instead of a sinusoidal structure as in the Mirau interferometer, a rather

jagged periodic structure occurs. This measured profile is in good agreement with simu-

lated results based on FEM and RCWA approaches, introduced by Pahl et al. [303]. As
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Figure 8.19: Profiles of the rectangular grating with 400 nm period length measured by a)
SCM using the 100x microscope objective and b) AFM using a high density
carbon tip EBD-HAR with an opening angle below 8 � [118].

shown in this study, the jagged structure with various amplitudes in the range of 2 nm to

35 nm results by the sampling interval of the used camera and magnification of the micro-

scopic setup. Furthermore, it is shown that a sinusoidal structure with a PV-amplitude

of nearly 25 nm occurs for the SCM with a 100x microscope objective, if averaging by

the camera pixels is neglected. This amplitude is significantly lower compared to the step

height of the profile measured by the AFM. As shown in Fig. 8.19, the profile obtained by

the AFM exhibits a nearly rectangular structure with step heights of approx. 150 nm and

slightly oblique edges, which can be assumed to be perpendicular for the optical topogra-

phy sensors used here due to a lateral displacement of 100 nm at the transition from the

lower to the upper plateau. Compared to the profiles obtained by the other topography

sensors, the profile measured by the AFM provides the best resolved structure of the

grating under investigation, as expected.

Rectangular gratings with higher period lengths compared to those of the RS-N stan-

dard are provided by the RS-M standard from Simetrics GmbH [519, 520]. This measure-

ment standard comprises gratings with nominal step heights of 90 nm and period lengths

between 4 �m to 800 �m. A comparison of profiles obtained by the IPS15 and the ICDS

with various scan velocities vs from gratings with period lengths of 80 �m, 40�m, 20 �m,

8 �m and 4 �m are shown in Fig. 8.20a. The orange profile obtained by the IPS15 with

a lateral scan velocity of 5mm/s is well resolved up to a period of 8 �m. However, the

measured profile suffers from outliers, which may be caused by phase jumps. These out-

liers occur at the edges of the measured profile. Compared to this measurement result,

profiles obtained by the ICDS2 at different scan velocities of 1mm/s (green), 50mm/s

(red) and 75mm/s (blue profile) are depicted Fig. 8.20a. These profiles are also well

resolved for periods below 8 �m. The outlier in the profile obtained at a scan velocity of

1mm/s is probably a phase jump caused by dust or another contamination. All profiles
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exhibit a step height of approx. 90 nm and a low spatial frequency shape onto which the

grating structure is placed. In case of the profiles obtained at higher scan velocities an

additional oscillation overlaps the structure under investigation, which results due to the

acceleration of the scanning axis. For an additional comparison, a profile measured by

the tactile stylus instrument GD26 (black profile) with a lateral scan velocity of 0.5mm/s

is depicted in Fig. 8.20b. As displayed, the measured structure is slightly more noisy

compared to the profiles obtained by the optical sensors. Despite a tip radius of 2 m the

grating with 4 m period is resolved by the GD26. This is possible due to a sharp-combed

structure of the upper side of the gratings with 8 m and 4 m period length [519], similar

to the fine chirp structure (see Fig. 8.12). Therefore, the grating of 4 m period measured

by the IPS15 shows an one-sided constriction caused by the low-pass filter effect when

averaging over the area covered by the sensor light spot on the surface. The same effect

but stronger can be observed for the profiles obtained by the ICDS2. Here, the low-pass

filter effect is stronger, because the used NA is lower and the wavelength of illumina-

Figure 8.20: a) Profiles of the RS-M standard measured by ICDS2 with lateral scan ve-
locities of 1mm/s (green), 50mm/s (red) and 75mm/s (blue) as well as by
IPS15 (orange) with a lateral scan velocity of 5mm/s. b) Section of a) com-
pared with a profile (black) obtained by the tactile stylus instrument GD26
at a scan velocity of 0.5mm/s.
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tion source is significantly higher compared to the IPS leading to an increased diameter

of the laser spot. As a consequence of this higher spot diameter, a constriction of the

lower structure heights also occurs for the grating of 4 m period. This means that a

grating with 4 m period is not well resolved by the ICDS2. The low-pass filter effect

increases with increased scan velocity, as shown by the profiles in Fig. 8.20b. Likewise,

an one-sided constriction occurs at the upper side of the grating of 8 m period, due to

its sharp-combed structure. For a more precise investigation of the transfer behavior of

the used topography sensors, knowledge of the real surface structure is necessary, which

is provided by reference measurements using an AFM.

8.5 Sinusoidal surface structures

Measurement results obtained at sinusoidal surface structures are compared in this

section. For this purpose, measurements are performed on the sinusoidal reference spec-

imen 531 manufactured by Rubert & Co. Ltd. [521]. The nominal PV-value of this

structure is 1 m and the nominal period length corresponds to 100 m. Based on these

parameters, the maximum tilt angle is 1.8 degrees and thus, the detection of the sinusoidal

structure should not be a problem for the sensors used in this thesis. Figure 8.21 displays

profiles measured at the ICDS2 using several scan velocities vs of 20mm/s, 50mm/s and

75mm/s. The profiles obtained with 20mm/s and 50mm/s are in good agreement, while

the profile obtained by a scan velocity of 75mm/s exhibits a slightly different tilt. The

sinusoidal structure is superposed by an additional low frequency shape. If the profiles

are tilted so that the heights measured at the beginning (z = 2.1 m) and at the end

(z = 28.7 m) of the sinusoidal structure are equal, the measured profiles have a max-

imum height of approx. 34.3 m. An additional slope up to 0.25 degrees occurs due to

the superimposed shape, which is only a small increase of the maximum slope to be de-

tected. Despite a DOF of approx. 29 m, the measured profiles cover the entire sinusoidal

structure. This is because the interference signals of the ICDS are sufficiently strong for

Figure 8.21: Profiles of the sinusoidal surface structure 531 by Rubert & Co. Ltd. measured
by the ICDS2 with the lateral scan velocities vs of 20mm/s, 50mm/s and
75mm/s.
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evaluation even outside the DOF. However, the lateral resolution decreases with increas-

ing axial distance from the DOF. Besides the DOF the tilted reference mirror used for

the depth discrimination limit the axial working range to approx. 30�m in case of the

IPS. This is why the entire profile according to Fig. 8.21 can not be detected. With a

lateral scan range of 26mm, the tactile stylus instrument GD26 barely covers the lateral

extension of 26mm of the aligned sinusoidal structure. Since a lateral positioning axis

of the multisensor measuring system is used as scan axis, the lateral scan ranges of the

ICDS and the IPS15 are significantly longer.

A comparison of sinusoidal structures measured by ICDS2, IPS15, GD26, 100x SCM

and 50x Mirau CSI are compared in Fig. 8.22. Sections of the profiles measured by the

ICDS2 using the lateral scan velocities 20mm/s, 50mm/s and 75mm/s are depicted in

Fig. 8.22a. These profiles are in good agreement with each other. Retrieved from the

high acquisition rate of height values, the sinusoidal surface is still well resolved even at

higher lateral scan velocities. However, the PV-amplitudes are approx. 0.985 �m and thus

differ slightly from the nominal value of 1 �m. The profiles measured with the IPS15 using

the scanning speeds of 10mm/s, 20mm/s and 75mm/s are also in good agreement, as

shown in Fig. 8.22b. However, the profile resolution of the measured with a scan speed

of 75mm/s is worse and the profile is shifted. Further, outliers probably caused by phase

jumps may occur. As for the profiles measured by the ICDS2, the profiles of the IPS15

exhibit PV-values of 0.984 �m which are lower than the nominal value. For comparison, a

measurement is performed using the tactile stylus instrument GD26 and a section of the

resulting profile is depicted in Fig. 8.22c. This profile has a PV-value of approx. 0.988 �m

and thus confirms the measured values of the ICDS2 and IPS15, which are lower than

the nominal value of 1 �m. Furthermore, an additional high-frequency structure appears

in the measured profile, which is probably a result of an additional surface roughness. A

closer view is provided by the profiles measured by the SCM using a 100x microscope

objective (see Fig. 8.22d) and the CSI using a 50x Mirau objective as well as a red LED

for illumination (see Fig. 8.22e). The high-frequency roughness is clearly observable in

the depicted profile of the SCM and in a similar magnitude contribution as the profile

measured by the CSI and evaluated using the phase retrieval algorithm. In contrast, the

profile resulting from the envelope algorithm exhibits a roughness with significantly higher

amplitudes. Considering the good agreement between the profiles of the SCM and the

CSI evaluated with the phase evaluation, it can be concluded that these profiles represent

the real surface structure better than the one evaluated with the envelope evaluation. In

the case of the profiles measured with the ICDS2 and the IPS15, this additional structure

is seen to be less pronounced, probably due to the limited lateral resolution and the

additional averaging caused by the high lateral scanning velocities. However, the width of

the measurement field of the SCM and CSI are limited to maximal 225 �m and hence, only

a small section of the surface to be measured can be investigated, while the scan ranges of

the ICDS2 and the IPS15 are laterally limited only by the motion range of the scan axis.

Note that since the PV-amplitude of the 100x SCM is approx. 0.990�m and that of the

50x Mirau CSI (red profile) corresponds to approx. 0.985 nm, the assumption of a lower

amplitude of the sinusoidal structure than of the nominal value is confirmed once again.

Deviations due to the roughness of the measurement structure must also be taken into
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Figure 8.22: Profiles of a section of the sinusoidal surface structure 531 by Rubert &
Co. Ltd. measured by a) ICDS2, b) IPS15, c) GD26, d) SCM with 100x
objective and e) 50x Mirau CSI using a red LED for illumination.

account here. These high-frequency deviations probably result from the machining process

where the sinusoidal structure is formed by diamond turning. Comparative measurements
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of this surface structure performed by ICDS1 with lateral scan velocities up to 100mm/s

are presented in [14].

The demands on the topography sensors increase if the period length of the sinu-

soidal structure under investigation is reduced. This becomes apparent when the preced-

ing measurement object is exemplary replaced by the reference specimen 542 by Rubert

& Co. Ltd. [521], where the nominal period length corresponds to 8 �m and the nominal

PV-amplitude is specified by 0.2 �m. Based on these values, the maximum tilt angle of

this sinusoidal structure is approx. 4.5 degrees. Figure 8.23 shows a comparison between

multiple profiles measured by different sensors. The profile obtained by the ICDS2 at a

lateral scan velocity of 20mm/s (see Fig. 8.23a) exhibits a PV-amplitude below 100 nm

and is thus lower than half the nominal value. This is a result of averaging caused by

the laser spot diameter of approx. 4.6�m in the axial working range of the ICDS2 ac-

cording to Eq. 7.28 and Eq. 7.36 for an NA of 0.24. In contrast, the sinusoidal structure

is well resolved by the tactile stylus instrument GD26 using a lateral scan velocity of

0.5mm/s, as shown by the profile depicted in Fig. 8.23b. The measured PV-amplitudes

vary around the nominal value of 200 nm, whereas those of the profile obtained by the

confocal microscope (see Fig. 8.23c) are slightly higher than the nominal value. In case

of the profile measured by CSI using a 50x Mirau objective (see Fig. 8.23d) and envelope

algorithm for evaluation (blue profile), the determined PV-values are approximately twice

the nominal value. On the other hand, the profiles evaluated by the phase algorithm (red

profile) provide lower amplitudes of approx. 185 nm. A similar behavior can be observed

for the profiles depicted in Fig. 8.23e, which are obtained by the 100x Mirau CSI. Here,

the PV-amplitudes of the profile obtained by the envelope algorithm varies between values

of approx. 317 nm and 350 nm, whereas those of the profile obtained by phase evaluation

varies between approx. 195 nm until 205 nm and thus are in the range of the nominal value.

Compared to the results obtained by 50x Mirau interferometer, the profile of the 100x Mi-

rau interferometer reconstructed using the envelope algorithm exhibits lower amplitudes,

whereas the profile obtained by phase evaluation is closer to the nominal value as expected

due to the higher NA of the 100x Mirau based CSI. Profiles of the sinusoidal structure

obtained by IPS15 at a lateral scan velocity of 1mm/s are depicted in Fig. 8.23f. The

profile evaluated by a phase algorithm (blue course) suffers from phase jumps at the left

flanks of the measured sinusoidal structure. Since the unambiguous range is extended us-

ing an envelope evaluation algorithm in addition to the phase algorithm, the phase jumps

are probably a result of measurement deviations in the determined envelope. These phase

jumps are removed using an unwrapping algorithm, where the height values are recal-

culated in phase values and differences between adjacent phase values higher than ±2π
are corrected by ∓2π. Finally, the height values are calculated from the corrected phase

values according to Eq. 2.19. The resulting height values (see red profile in Fig. 8.23f)

exhibit PV-amplitudes of approx. 172 nm and thus are slightly lower than the amplitudes

determined by the 50x Mirau CSI, which may be a result of the slightly lower NA of the

probe applied for IPS. Based on these measurement results, the amplitudes of the profile

obtained from envelope algorithm decrease with decreased NA. Note that in case of all

measured profiles, the period length corresponds to approx. 7.7�m, which is slightly less

than the nominal length of 8 �m.
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Figure 8.23: Profiles of the sinusoidal surface structure 542 from Rubert & Co. Ltd. mea-
sured by a) ICDS2 with a lateral scan velocity of 20mm/s, b) GD26 with a
scan velocity of 0.5mm/s, c) SCM with 100x objective, d) 50x and e) 100x
Mirau based CSI using a red LED for illumination as well as f) IPS15 with
a lateral scan velocity of 1mm/s.

In case of a sinusoidal structure with lower period length such as the reference speci-

men 543 from Rubert & Co. Ltd. [521], the demands on the used sensor further increase.

This specimen comprises of a sinusoidal structure with a nominal period length of 2.5 m

and a nominal PV-amplitude of 0.12 m, resulting in a maximum slope angle of approx. 8.6

degrees. Therefore, optical sensors with NAs higher than 0.15 are needed to detect the

sinusoidal structure. For reference, a measurement of the sinusoid is performed by the
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AFM using a Tap190Al-G cantilever from BudgetSensors [517]. The resulting profile ex-

hibits a period length of approx. 2.52 m. As shown in Fig. 8.24, the PV-amplitudes of

the measured profile varies between 105 nm and 132 nm, whereas the average amplitude is

114.4 nm. Due to the low period length, this sinusoidal structure is no longer resolved by

the ICDS2 using a laser with a wavelength of 1550 nm. Note that the optical components

of the ICDS2 can also be designed for lower wavelengths, improving the lateral resolution

but reducing the axial unambiguous range. A comparison of multiple profiles from the

sinusoidal structure 542 measured by several topography sensors is presented in Fig. 8.25.

As shown in Fig. 8.25a, the profile obtained by the tactile stylus instrument GD26 exhibits

PV-amplitudes below 0.1 m, due to an averaging caused by the used probe with a tip

radius of 2 m and a lateral sampling interval of 0.5 m. In contrast, the PV-amplitudes

in case of the profile measured by SCM using a 100x microscope objective (see Fig. 8.25b)

varies between 118 nm and 130 nm. The averaged value of 125 nm is slightly higher than

that of the profile measured by the AFM. Figure 8.25c shows the profiles obtained by CSI

with the 50x Mirau objective. As displayed, the profile obtained by the envelope algorithm

(blue profile) is significantly higher (PV-amplitude = 435 nm) than the averaged value de-

termined by AFM. Since the height values determined by envelope evaluation are used

to extend the unambiguous range of the height values evaluated by the phase algorithm,

the PV-amplitudes of the profile determined by phase evaluation (red profile) erroneously

exceed λe/2 = 340 nm. These deviations can be corrected using an unwrapping algorithm

as explained before for IPS or using the algorithm presented by Herráez et al. [516] for

an areal unwrapping. The resulting profile (see Fig. 8.25d) exhibits PV-amplitudes of

approx. 75 nm, which are significantly lower than the averaged value obtained by AFM.

Likewise, the profile measured with the GD26 shows equal to larger amplitudes compared

to those obtained by 50x Mirau interferometer. In case of the 100x Mirau CSI, the profile

evaluated using the envelope algorithm (blue profile) exhibits PV-amplitudes of 280 nm,

which are significantly higher than the averaged values obtained by AFM, as shown in

Fig. 8.25e. The averaged PV-amplitude is approx. 90.3 nm for the profile evaluated using

the phase retrieval algorithm (red profile) and hence is higher than the value obtained

by the 50x Mirau interferometer, as expected, but below the averaged value obtained by

AFM. As shown in Fig. 8.25f, the profile measured by IPS15 (blue profile) suffers from

phase jumps at the right flanks of the sinusoidal structure. These phase jumps are cor-

rected using an unwrapping algorithm as explained for the correction of the measured

Figure 8.24: Profile of the sinusoidal reference structure 543 measured by AFM.
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profile of the 542 structure. The averaged PV-amplitude of the unwrapped structure cor-

responds to 78.2 nm, which is slightly higher than the value obtained by the 50x Mirau

interferometer.

An interesting phenomenon occurs in CSI measurements using the envelope algorithm

according to Sec. 5.5.1. Here, the determined PV-amplitudes are clearly too high com-

pared to the corresponding reference values. Due to the low slope angles of the sinusoidal

Figure 8.25: Profiles of the sinusoidal surface structure 543 by Rubert & Co. Ltd. measured
by a) GD26 with a lateral scan velocity of 0.5mm/s, b) SCM with 100x
objective, c) and d) 50x Mirau CSI and e) 100x Mirau CSI using a red LED
for illumination as well as f) IPS15 with a lateral scan velocity of 1mm/s.
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structures up to approx. 8.6 degrees, unresolved fringes leading to the slope effect [10]

can be precluded. However, the light passing the microscope objective is reduced caused

by the slope of the sinusoidal structure, which may contribute to the effect that occurs.

In order to investigate the effect leading to enlarged amplitudes in case of profiles deter-

mined using an envelope algorithm, response signals obtained from the top, the point of

highest slope angle at the flank and the bottom of the sinusoidal structure are compared

in Fig. 8.26. The comparison shows that signals obtained by the 50x Mirau CSI from

the sinusoidal structure 542 (see Fig. 8.26a) are similar but axially (z-direction) shifted.

As displayed, the axial position of the highest intensity corresponds almost to the max-

imum of the envelope of the response signals obtained from the top and the flank. On

the other hand, the axial position of the maximum of the envelope is more consistent

with that of the minimum intensity of the signal obtained from the bottom. Furthermore,

the response signals are slightly asymmetric. A similar observation can be made for the

response signals obtained by 100x Mirau based CSI in Fig. 8.26b. In case of response

signals obtained from the sinusoidal structure 543, the asymmetry increases especially for

the signals obtained from the top and the bottom of the structure to be measured. Here,

the strongest asymmetry is observable for the response signals detected from the bottom,

as shown in Fig. 8.26c for the CSI with 50x and the 100x Mirau objective in Fig. 8.26d.

In a simulation based on an FEM model [136] with a sinusoidal structure corresponding

to the 543 specimen, the resulting profile also shows an enlarged amplitude for the enve-

lope evaluation in good agreement to the amplitudes measured by a CSI. Since dispersion

is not considered in the simulation model, it can be assumed that it probably does not

Figure 8.26: Response signals obtained on the top, the flank with highest slope angle
(turning point) and the bottom of a period of the sinusoidal reference speci-
men 542 and 543 measured by CSI using 50x and 100x Mirau objectives.
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significantly contribute to the effect at hand. Another possible influence is given by mul-

tiple reflections of the scattered light at the sinusoidal structure [522]. This might be the

reason for the stronger asymmetry in the response signal obtained from the bottom of the

sinusoidal structure, leading to the enlarged amplitude. However, a slope angle of around

9◦ appears as too low for the occurrence of multiple reflections. With 506.6�m for spec-

imen 531, 16.2 �m for specimen 542 and 2.6�m for specimen 543, the radii of curvature

of the individual sinusoidal structures differ significantly from each other. From the mea-

surement results depicted in Fig. 8.22, Fig. 8.23 and Fig. 8.25, it can be seen that as the

radius of curvature increases, the measurement deviation of the profiles determined by the

envelope evaluation increases too. The deviations of the 100x Mirau interferometer are

higher than those of the 50x Mirau interferometer, which may be due to the smaller NA

and the associated illumination wavefront. If multiple reflections or other effects based on

the shape of the wavefront cause the axial shift of the coherence peak, an influence on the

signals of the confocal microscope is also to be expected. This could be the reason for the

slightly increased amplitudes of the profiles measured by the SCM. Although a decrease

in amplitude with decreasing period length is expected due to the transfer characteristics

of optical topography sensors, a deviation of approx. 7.5% for a sinusoidal structure with

a period length of 7.7�m measured with a 50x Mirau interferometer (NA = 0.55) and

evaluated using phase evaluation seems too high. The way the measured height values

are influenced by the sinusoidal measurement structure and by which effect the signals

are affected such that the coherence peaks shift axially is part of future investigations.

Numerical and analytical simulations are particularly suitable for this purpose, since in-

dividual effects can be masked out and the effects of other influences can be investigated

in a targeted manner.

8.6 Roughness standards

An important field of application for topography sensors is the determination of rough-

ness characteristics of a surface topography to be investigated. For this purpose, mea-

surements are performed on surface topographies of various roughness using several to-

pography sensors and the measurement results are compared in this section. The surface

of an object under investigation can be basically separated into roughness, waviness and

shape [50, 523]. Roughness can be separated from waviness and shape by applying a filter

with the spatial cutoff wavelength Λc. This cutoff wavelength is related to the roughness

parameter Ra and specified in DIN EN ISO 4288 [524].

In the following, the roughness of profiles measured by several topography sensors

from four different roughness standards are characterized by the roughness parameters

Ra, Rq and Rz according to the procedure described in DIN EN ISO 4288 [524]. For

this purpose, a measurement of the roughness profile is to be performed with the respec-

tive profilometer, whose lateral measuring distance Ln covers five individual measuring

distances Lr of length Λc plus a leading and trailing distance of Λc/2 respectively. This

results in a total measurement distance of 6 Λc. Subsequently, the roughness is separated

from each measured profile with filtering by convolving the profile with a Gaussian filter



188 CHAPTER 8. COMPARISON MEASUREMENTS

function of the form

s(y) =
1

αLr

exp

(
−π
(

y

αLr

)2
)

(8.6)

according to DIN EN ISO 16610-21 [525], where α =
√
ln(2)/π ≈ 0.4697. This convolu-

tion corresponds to a multiplication of the Fourier transformed profile with the Fourier

transformation of the Gaussian function in the frequency domain. From the filtered pro-

file, within the measuring distance of Ln = 5Λc, the arithmetic mean Ra is numerically

determined according to DIN EN ISO 4287 [526] by

Ra =
1

Ln

N∑
j=1

|h(j)|, (8.7)

with the number N of measured height values h in the profile under investigation. A

further roughness parameter is given by

Rq =

√√√√ 1

Ln

N∑
j=1

h(j)2, (8.8)

where the root mean square of the profile is determined. The mean height Rz is calculated

by

Rz =
1

5

5∑
r=1

(max(hr)−min(hr)) , (8.9)

where the profile is divided in five sections hr. In each section, the local maximum

height difference is determined and then averaged. This procedure is performed for five

different profiles, which are laterally shifted to each other in the orthogonal direction to

the propagation direction of the respective measured profile. The resulting roughness

parameters are then averaged for each topography sensor and compared in the following.

Since, the measurement results obtained by a tactile stylus instrument are usually used

to specify the roughness characteristics of the roughness standard under investigation,

the measurement results obtained by the tactile stylus instrument GD26 are used for

reference for the results measured by the optical topography sensors. In order to obtain the

deviation of the Ra value determined by individual topography sensors from the quantity

Ra,GD26 determined using the GD26, the relative measurement deviation

εRa =
Ra −Ra,GD26

Ra,GD26

(8.10)

is determined for each sensor. The relative deviations εRq and εRz are determined in the

same way for the parameters Rq and Rz. As shown in the following sections, measure-

ment results obtained by the tactile stylus instrument GD26, the CSI using a 10x Mirau

objective with a white LED (λe = 620 nm) as light source, the SCM using a 50x micro-

scope objective, the IPS15 and the ICDS2 are compared. Note that Eqs. 8.7, 8.8 and

8.9 are defined for measurement results obtained by tactile stylus instruments, but are

analogously applied to the results measured by optical sensors in this thesis.
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8.6.1 Superfine roughness standard

In this section, the roughness parameters obtained from the superfine roughness stan-

dard KNT 4070/03 manufactured by Halle GmbH [527, 528] are measured. Because of a

nominal Ra value of 25 nm, the spatial cutoff wavelength Λc for the Gaussian filter (see

Eq. 8.6) applied to the measured profiles corresponds to 0.25mm according to DIN EN

ISO 4288 [524]. This value is also valid to determine the other roughness parameters.

An overview of the roughness values determined for the superfine roughness standard is

given in Tab. 8.10. In addition, the relative deviations ε of the characteristic values de-

termined by the topography sensors from those of the GD26 are shown in percent. As

it can be seen in the table, the parameters determined by the SCM show the smallest

deviations from those of the GD26, which is probably due to the high numerical aperture

of 0.95. In contrast, the results obtained by the 10x Mirau CSI exhibit the largest devi-

ations. In particular, the characteristic values determined with the envelope evaluation

show high relative deviations from those of GD26. In case of the IPS15, the deviations

of the determined roughness parameters are smaller than those obtained by the 10x Mi-

rau CSI. Moreover, the relative deviations are lower than those of ICDS2, excluding the

values obtained at a lateral scanning velocity of 1mm/s and an illumination wavelength

of 1550 nm. In the case of the ICDS2, roughness profiles are measured at different lateral

scanning speeds of 1mm/s, 20mm/s, 50mm/s, and 75mm/s. The values Ra and Rq of

the ICDS2 show small deviations of approx. 1 nm from the values obtained by the GD26

for all lateral scanning speeds. The relative deviations are almost constant here. This

Table 8.10: Roughness parameters of the superfine roughness standard KNT 4070/03 ob-
tained by several profilometers. For the point-wise measuring sensors the
lateral scanning velocity vs is specified, whereas vs specifies the axial scanning
speed in case of the area-measuring CSI.

Sensor
vs

mm/s
λ

(nm)
Ra

(nm)
εRa

(%)
Rq

(nm)
εRq

(%)
Rz

(nm)
εRz

(%)

GD26 0.5 - 27.3 0.0 33.6 0.0 155.3 0.0

CSI10x, Env. 0.0015 620 36.76 34.7 45.35 34.9 222.97 43.6

CSI10x, Phase 0.0015 620 23.67 -13.3 29.33 -12.7 121.36 -21.9

SCM - 505 27.18 -0.4 33.99 1.2 153.12 -1.4

IPS15 5 - 26.7 -2.2 32.9 2.1 146.7 -5.5

ICDS2

1
1490 26.27 -3.8 32.36 -3.7 142.57 -8.2

1550 26.84 -1.7 33.06 -1.6 150.42 -3.1

20
1490 26.24 -3.9 32.31 -3.8 141.50 -8.9

1550 26.19 -4.1 32.27 3.9 140.90 -9.3

50
1490 26.14 -4.2 32.14 -4.3 137.13 -11.7

1550 25.60 -6.2 31.48 -6.3 135.07 -13.1

75
1490 26.26 -3.8 32.32 3.8 139.20 -10.4

1550 26.04 -4.6 32.01 -4.7 138.12 -11.1
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suggests that these roughness parameters can be determined even at higher lateral scan

velocities with similar accuracy compared to lower scan velocities. However, it can also

be seen from the table that the relative deviation of the Rz parameter increases with

increasing scan velocity. This can be explained by the fact that for the Rz parameter, the

maximum height difference in five different zones of the measured profile and then their

average value are calculated. Since a higher lateral scanning speed leads to an averaging

over an increased laterally extended area, this corresponds to a spatial low-pass filtering

where the cutoff frequency decreases with increasing scanning speed. Therefore, spatially

high-frequency structures are filtered more strongly, resulting in a lower Rz value. On the

other hand, the Ra value represents the arithmetic mean and Rq the root mean square

of the measured height values, which are integrated values and thus less affected by an

increased scanning speed. Despite the fact that the NA is lower and the used illumination

wavelength is more than twice of that of the 10x Mirau CSI, the deviations of the values

obtained by the GD26 are lower for the ICDS2.

A possible explanation for these results is obtained from the profiles measured by the

different topography sensors, depicted in Fig. 8.27. As mentioned above, the profile mea-

sured with the GD26 stylus instrument (blue profile) is assumed to be the actual structure

of the roughness standard under investigation. A comparison with the profile measured

by the CSI and evaluated by phase algorithm (green profile) provides an explanation for

the deviations of the determined roughness parameters listed in Tab. 8.10. As displayed,

the profile obtained by the CSI is low-pass filtered leading to lower values of the roughness

parameters compared to those determined by GD26. In contrast, the profiles measured by

the ICDS2 exhibit a lower low-pass filtered structure. This is also the case for the profile

measured with a lateral scanning speed of 75mm/s (orange profile). Even considering

1260.7 nm as the lateral resolution according to Eq. 6.12 for CSI and 2389.6 nm as the

lateral single-point resolution according to Eq. 6.11 for the ICDS2, the lateral resolution

Figure 8.27: Profiles of the superfine roughness standard KNT 4070/03 measured by sev-
eral profilometers. The profile measured by CSI is determined by phase
evaluation.
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of the CSI is significantly lower than that of the ICDS2 and thus does not provide an

explanation for the stronger low-pass filtered profile of CSI. A possible explanation may

be the sliding averaging of the measuring profile over the beam diameter of the focused

laser beam combined with the confocal effect of the ICDS2, whereas the profile measured

with the CSI is laterally sampled by 550 nm. Recent research has shown that the lateral

resolution get worse for light sources with a wide spectral width compared to sources of

thin spectral widths [529]. The profile measured by the IPS15 (purple profile) with a

lateral scanning velocity of 5mm/s shows a comparable structure as the profiles measured

by ICDS2. The structure of the profile measured with the IPS appears less low-pass fil-

tered compared to the profile measured with the CSI, which has been expected due to the

higher NA of the probe of the IPS. In case of the profile measured by the SCM, the lowest

influence of a low-pass filtering can be observed compared to the other optical topography

sensors, as expected by the high NA of 0.95. However, the length of the measuring field

comprises approx. 320 �m, which is significantly lower than the required profile length of

Ln = 1.25mm to determine the roughness parameters according to DIN EN ISO 4288

[524]. Therefore, multiple laterally shifted measurements are stitched, which is in case

of the SCM performed by the software of the manufacturer and in case of the CSI using

the surface analysis software MountainsMap from DigitalSurf SARL [530]. The stitching

is supported by the detected xy coordinates of the laterally shifted measurement fields

using the CMM presented in Ch. 3. Nevertheless, errors occurred in the stitching of the

individual surface topographies measured with the SCM, leading to a distortion of the

resulting profile (cyan profile) and thus to the deviations of the roughness parameters

from those obtained by GD26 listed in Tab. 8.10. Nevertheless, the deviations are rather

small (around 1%).

8.6.2 Fine roughness standard

Roughness parameters determined from the fine roughness standard are listed in

Tab. 8.11. As the measurement object the fine roughness standard KNT 4058/03 grade

1 from Halle GmbH [531] is used. This standard is specified by a nominal value of the

arithmetic mean Ra of 220 nm and a mean height Rz of 1.69 �m according to an extract

of the calibration certificate for the standard. Consequently, the spatial cutoff wavelength

Λc to be selected for filtering is 0.8mm according to DIN EN ISO 4288 [524]. This re-

sults in a measuring distance Ln of 4mm, which is necessary to determine the roughness

parameters. Therefore, the profiles obtained by the CSI and the SCM are obtained from

stitching multiple laterally shifted measurement fields as mentioned in the previous para-

graph. As shown in Tab. 8.11, the parameters obtained by the tactile stylus instrument

GD26 deviate slightly from the nominal values and are used as a reference for the pa-

rameters determined by the optical topography sensors. Due to the high NA, the relative

deviations of the Ra and Rq values of the SCM are low (approx. 1.5%). In contrast,

the deviation εRz is larger (almost 5%). The deviations of the roughness parameters

determined by the CSI using phase evaluation are approx. 10% and thus significantly

smaller than those obtained by envelope evaluation. As displayed in Fig. 8.28, the profile

measured by the CSI (green profile) suffers from phase jumps, leading to the deviations

of the determined roughness parameters. On the other hand, the profile measured with
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Table 8.11: Roughness parameters of the fine roughness standard KNT 4058/03 grade 1
obtained by several profilometers. For the point-wise measuring sensors the
lateral scanning velocity vs is specified, whereas vs specifies the axial scanning
speed in case of the area-measuring CSI.

Sensor
vs

mm/s
λ

(nm)
Ra

(nm)
εRa

(%)
Rq

(nm)
εRq

(%)
Rz

(nm)
εRz

(%)

GD26 0.5 - 228.6 0.0 291.2 0.0 1754.7 0.0

CSI10x, Env. 0.0015 620 271.8 18.9 355.6 22.1 3502.3 99.6

CSI10x, Phase 0.0015 620 251.9 10.2 321.4 10.4 2004.0 14.2

SCM - 505 225.4 -1.4 286.3 1.7 1669.0 -4.9

IPS15 5 - 266.4 16.5 336.9 15.7 2432.1 38.6

ICDS2

1
1490 287.74 25.9 368.29 26.5 1866.8 6.4

1550 266.44 16.6 337.73 15.9 1781.8 1.5

20
1490 290.55 27.1 366.33 25.8 1824.8 3.9

1550 279.08 22.1 349.19 19.9 1744.2 -0.6

50
1490 287.80 25.9 362.43 24.5 1769.9 0.9

1550 279.75 22.4 352.02 20.1 1755.5 0.05

75
1490 291.98 27.7 366.75 25.9 1796.2 2.4

1550 270.67 18.4 342.37 17.6 1724.8 -1.7

the SCM (orange) agrees well with that of the GD26 (blue) except for small deviations

which probably result from stitching errors. In case of the IPS15, the measured profile

(purple profile) is more noisy, which is a result of multiple phase jumps. This leads to

higher deviations of the determined roughness parameters compared to those obtained by

the CSI. Especially the determined Rz value deviates with almost 39% strongly from the

value determined using the tactile stylus instrument. As listed in Tab. 8.11, the highest

deviations of determined Ra and Rq values with up to 28% arise for the ICDS2. These

high deviations are probably a result of phase jumps caused by the surface structure of the

standard, which currently cannot be detected and eliminated by appropriate validation

algorithms. A comparison between the profile measured by GD26 (blue) and the profiles

measured by the ICDS2 using 1mm/s (black) and 20mm/s (red) in Fig. 8.28 shows that

the fundamental structures are in good agreement, but the correct course of the pro-

files measured with the ICDS2 are interrupted by abrupt height changes caused by phase

jumps, as assumed before. Nevertheless, the Rz values of the ICDS2 in Tab. 8.11 show

the smallest deviations from the characteristic value determined with the GD26, with the

exception of the value determined with the ICDS2 at a lateral scanning speed of 1mm/s

and an illumination wavelength of 1490 nm. The determined Ra values are outside the

tolerated range of 0.2 �m to 0.24 �m for the Ra and thus, do not fulfill the specifications

given by the manufacturer of the roughness standard. An improvement of the roughness

parameters determined from profiles measured by ICDS2 can be anticipated by use of

the dual wavelength evaluation algorithm according to Sec. 7.2.2, where the range for

an unambiguous assignment of height changes of adjacent height values is significantly
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Figure 8.28: Profiles of the fine roughness standard KNT 4058/03 grade 1 measured by
several profilometers. The profile measured by CSI is determined by phase
evaluation.

increased. Thus, phase jumps caused by a violation of the lower unambiguous range when

using a single wavelength are avoided. This is a part of further investigations.

8.6.3 Middle roughness standard

In this section, results for the middle roughness standard KNT 4058/03 grade 2 from

Halle GmbH [531] measured by the different sensors are compared. The determined

roughness parameters are given in Tab. 8.12. The arithmetic mean Ra of this standard

is 0.628 nm. Based on this Ra value, a measurement distance Λc of 4mm is necessary to

determine the roughness parameters according to DIN EN ISO 4288 [524] in the same

way as in the previous paragraphs. As shown in Tab. 8.12, the lowest deviations for the

Ra and Rq values are provided by profiles measured with the IPS15 and the CSI. For

the latter, the parameters obtained by envelope evaluation are included. The profiles

measured with the IPS (purple) and the CSI (green) are more noisy compared to the

others. This is a consequence of frequently emerging phase jumps, which are probably

due to the envelope evaluation used for unambiguous range extension. This may be

the reason for the higher deviations in case of the Rz compared to that of the tactile

stylus instrument. In contrast, the Ra and Rq values determined by SCM exhibit higher

deviations and lower for the obtained Rz in comparison to those of IPS and CSI. The

higher deviations of the roughness values determined by the SCM are probably due to

a lateral distortion of the measured profile, caused by an incorrect merging of individual

partial measurements, as shown by the cyan profile in Fig. 8.29. While the roughness

values determined by the CSI, IPS and SCM turn out to be greater than those of the

tactile stylus instrument GD26, the roughness values determined with the ICDS2 are

lower. The relative deviations of the Ra and Rq values are in range of 5%. In the case of

the Rz value, the values determined by ICDS2 at scan speeds of up to 20mm/s show only

small relative deviations of approx. 3%. At scan velocities of 50mm/s and 75mm/s, there



194 CHAPTER 8. COMPARISON MEASUREMENTS

Table 8.12: Roughness parameters of the middle roughness standard KNT 4058/03 grade
2 obtained by several profilometers. For the point-wise measuring sensors the
lateral scanning velocity vs is specified, whereas vs specifies the axial scanning
speed in case of the area-measuring CSI.

Sensor
vs

mm/s
λ

(nm)
Ra

(nm)
εRa

(%)
Rq

(nm)
εRq

(%)
Rz

(nm)
εRz

(%)

GD26 0.5 - 643.5 0.0 764.6 0.0 3114.3 0.0

CSI10x, Env. 0.0015 620 645.7 0.3 781.7 2.2 4004.5 28.6

CSI10x, Phase 0.0015 620 641.14 0.4 769.5 0.6 3481.7 11.8

SCM - 505 679.9 5.7 817.8 6.9 3214.8 3.2

IPS15 5 - 641.5 -0.3 760.6 -0.5 3288.9 5.6

ICDS2

1
1490 614.31 -4.5 739.69 -3.3 3051.9 -2.0

1550 611.43 -4.9 730.83 -4.4 3029.0 -2.7

20
1490 634.41 -1.4 756.04 -1.1 3042.6 -2.3

1550 616.77 -4.1 737.49 -3.5 2941.2 -5.6

50
1490 605.68 -5.9 727.95 -4.5 2825.1 -9.3

1550 613.55 -4.7 736.48 -3.7 2883.3 -7.4

75
1490 591.65 -8.1 712.13 -6.9 2.910.0 -6.6

1550 607.09 -5.7 728.64 -4.7 2933.9 -5.8

Figure 8.29: Profiles of the middle roughness standard KNT 4058/03 grade 2 measured by
several profilometers. The profile measured by CSI is determined by phase
evaluation.
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is an increase in the relative deviations of 5.8% to 9.3%. Apart from minor deviations

caused by phase jumps, the profiles measured with the ICDS2 at different scan velocities

are in good agreement with the profile measured with the tactile stylus instrument GD26.

The nominal Ra value specified by the manufacturer of the standard lies in the range of

584 nm to 672 nm. As can be seen in Tab. 8.12, the Ra values determined are within this

range. Similarly, the Rz values determined with the topography sensors are within the

tolerable specification of 2.75 �m to 3.21 �m. Consequently, all topography sensors satisfy

the specifications for determining acceptable roughness parameters.

8.6.4 Coarse roughness standard

In order to investigate the transfer characteristics of the used topography sensors for

surface structures with higher roughness, the coarse roughness standard KNT 4058/03

grade 3 from Halle GmbH [531] is measured and the occurring results are analyzed. Since

the averaged nominal Ra of 1.65 �m is inside the range of 0.1 �m < Ra ≤ 2 �m, the spatial

cutoff wavelength Λc for filtering the measured profile corresponds to 0.8 according to

DIN EN ISO 4288 [524]. Likewise, the averaged nominal Rz value of 7.96 �m is covered

by the range of 0.5 �m < Rz ≤ 10 �m, leading to the identical spatial cutoff wavelength.

Consequently, the measurement distance Ln of the profiles to be measured corresponds to

4mm in order to ensure the determination of the roughness parameters according to DIN

EN ISO 4288 [524]. An overview of the determined roughness parameters with respect to

the used topography sensor is shown in Tab. 8.13. As displayed, the Ra and Rz values

Table 8.13: Roughness parameters of the coarse roughness standard KNT 4058/03 grade
3 obtained by several profilometers. For the point-wise measuring sensors the
lateral scanning velocity vs is specified, whereas vs specifies the axial scanning
speed in case of the area-measuring CSI.

Sensor
vs

mm/s
λ

(nm)
Ra

(�m)
εRa

(%)
Rq

(�m)
εRq

(%)
Rz

(�m)
εRz

(%)

GD26 0.5 - 1.679 0.0 2.045 0.0 8.041 0.0

CSI10x, Env. 0.0015 620 1.694 0.9 2.073 1.4 11.114 38.2

CSI10x, Phase 0.0015 620 1.69 0.7 2.063 0.9 8.406 4.5

SCM - 505 1.666 0.8 2.031 -0.7 8.067 0.3

IPS15 5 - 1.620 -3.5 1.977 -3.3 8.162 1.5

ICDS2

1
1490 1.590 -5.3 1.920 -6.1 7.534 -6.3

1550 1.582 -5.8 1.911 -6.6 7.492 -6.8

20
1490 1.588 -5.4 1.913 -6.5 7.476 -7.0

1550 1.587 -5.5 1.919 -6.2 7.559 -5.9

50
1490 1.515 -9.8 1.831 -10.5 7.154 -11.0

1550 1.513 -9.9 1.831 -10.5 7.137 -11.2

75
1490 1.443 -14.1 1.734 -15.2 6.755 -15.9

1550 1.432 -14.7 1.723 -15.7 6.726 -16.4
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obtained by the tactile stylus instrument GD26 differs slightly from the nominal values.

The deviations of the roughness parameters determined by the SCM are below 1%, which

is a result of the high NA and a well stitched profile, as shown by a comparison of the

profile measured by GD26 (blue) and that of the SCM (cyan) in Fig. 8.30. In case of

the Ra and Rq parameters obtained by CSI, the deviations to those of the GD26 are also

low with around 1% for envelope and phase evaluation, respectively. On the other hand,

the deviations of the determined Rz values are increased. Especially the determined Rz

value using envelope evaluation exhibits a high deviation of 38.2%. Possible reasons for

these deviations are given by phase jumps and an erroneous merging of individual laterally

shifted measurements, as visualized by the green profile in Fig. 8.30. The deviations of

roughness parameters determined using the IPS15 are in the order of 3%. In particular,

the deviation εRz of IPS represents the second smallest. Although the measured profile

suffers from phase jumps (see purple course in Fig. 8.30), these heights are low in relation

to the height of the measured structure resulting in the low deviation εRz. The Ra values

determined by the ICDS2 for the lateral scanning velocities 1mm/s and 20mm/s deviate

with approx. 5% from that of the GD26. In case of the determined Rq and Rz, the devi-

ations are increased to approx. 6%. With increasing lateral scan speed, the deviations of

the Ra, Rq and Rz values increase too. This indicates an increase of the determined de-

viations caused by a low-pass filtering of the measured profile depending on the scanning

speed. A comparison between the profile of the ICDS2 in Fig. 8.30 confirms this assump-

tion. Basically, the essential structure of the surface standard could be well reproduced by

all topography sensors. The roughness parameters determined by all topography sensor

are within the tolerated ranges of 1.55 m to 1.75 m for the Ra value and 7.48 m to

8.44 m for the Rz value specified by the manufacturer. However, these specifications are

not satisfied by the ICDS2 at higher lateral scanning velocities of 50mm/s and 75mm/s.

Figure 8.30: Profiles of the coarse roughness standard KNT 4058/03 grade 3 measured by
several profilometers. The profile measured by CSI is determined by phase
evaluation.
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8.7 Summary

This chapter presents comparison measurements of optical sensors on critical surface

structures in order to investigate the transfer behavior. All measurement results are per-

formed by sensors with calibrated determination of height values using a depth standard.

First, the repeatability of each height measuring sensor is determined by repeated mea-

surements at the identical location of the corresponding specimen to characterize their

measurement precision. As expected, the height values determined by CSI using envelope

evaluation algorithms show much higher standard deviations (>1 nm) than those obtained

by phase evaluation, where the standard deviation is generally below 0.5 nm. In the case

of the SCM, it has been shown that fitting methods such as the Gaussian fitting method

achieve lower measurement uncertainties than centroid methods. For typical evaluation

parameters (Δz = 30nm, threshold = 60%), the standard deviation is approx. 1 nm using

the fitting methods, while the standard deviation for the CSI with the same evaluation

parameters is approx. 0.3 nm and smaller. This suggests a better axial measuring ac-

curacy of the CSI. The point-wise measuring interferometers also show a lower standard

deviation of repeatability measurement compared to the SCM. This supports the previous

result of higher axial accuracy of interferometers compared to the confocal systems. How-

ever, it has also been shown that the point-wise measuring sensors are more susceptible

to spurious oscillations than the full-field measuring sensors.

In order to characterize the transfer behavior of the sensors used throughout this

thesis, comparative measurements are performed on a coarse and a fine chirp structures,

rectangular gratings with steep edges and sinusoidal structures of several period lengths.

Due to various period lengths of the sinusoidal structure, the chirp standard is suitable

to determine the lateral resolution of a profilometer. Furthermore, the changing surface

curvature enables an investigation of artifacts caused by an identical curvature incident

wavefront, which is probably the reason for different strong constrictions observed in the

measurement results obtained by 10x CSI (see Fig. 8.10). The different edge slopes also

make it possible to investigate the slope effect, which is represented by measurement de-

viations in the form of phase jumps at the steepest sections of the height profile evaluated

with the phase evaluation. This effect occurs with line- or full-field measuring interfer-

ometers and is not observed with SCM. The necessity of comparison measurements is

especially shown on the fine chirp structure. A profile measured by the AFM shows a

sharp-combed structure instead of a sinusoid in the center of the chirp, leading to an one-

sided constriction of profiles measured by optical sensors. In addition, the PV-amplitudes

of the profiles obtained by envelope evaluation in CSI are higher compared to those ob-

tained by phase evaluation. This effect shows a dependency on the period length of the

structure under investigation and the NA of the used optical sensor, as investigated on

sinusoidal structures of various period lengths and PV-amplitudes. A slightly higher PV-

amplitude could also be observed for the profile obtained by SCM, which probably results

from the same effect.

The effects on structures with steep edges and small height differences are also com-

pared in this thesis. On these structures, overshoots in form of batwings are observed

using the CSI, which can be reduced when adapting the HWR by changing the evaluation

wavelength. As shown in Sec. 8.4, the batwing effect also affects the measurement results
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of the SCM. Unilateral overshoots can also occur at steep edges with the AFM despite the

better lateral resolution. This is probably due to not perfectly adjusted control parameters

of the AFM controller. Further it is shown that a grating with a period (400 nm) close to

the resolution limit of the used CSI can be better resolved when using a higher evaluation

wavelength for phase evaluation. Despite a lower NA, in practice the CSI reached so a

similar or a better lateral resolution compared to SCM. Note that the envelope evaluation

in CSI shows in all measurement results less reliability for the determined height values

compared to those obtained by phase evaluation.

With respect to roughness measurement, it can be concluded that the presented sen-

sors are able to measure the Halle roughness standards within the given specifications.

However, the fine roughness standard exhibits a special challenge for the optical sensors

of low NA and thus this standard is an exception. Although, the measurement results

obtained by AFM are expected to be the most accurate, the AFM is not used for reference

measurements due to the low size of its measuring field.
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9 Conclusion & Outlook

This dissertation deals with the investigation of the transfer behavior of different

height measuring sensors especially by comparative measurements. For this purpose, the

multisensor measuring system has proven to be helpful. Since the multisensor measuring

system is based on a Cartesian CMM, comparative measurements at similar locations of

the surface under investigation are possible with different sensors in one arrangement.

Furthermore, the coordinate system can be used for stitching of multiple laterally shifted

measurement data sets, e.g. for measurements on rough surfaces to determine roughness

parameters (see Sec. 8.6). Despite performing measurements in a climate room on the

third floor of a building, disturbing influences such as environmental vibrations are mini-

mized by multiple damping approaches, which enable precise measurements of structures

in the micro- and nanometer range. These conditions are equal for all sensors implemented

in the multisensor arrangement.

Besides the multisensor measuring system all sensors in this thesis are introduced in

detail. The focus is on optical sensors, what is the reason for a more detailed analysis

compared to the tactile stylus instrument and the AFM. First, the signal formation is

described for each optical sensor with respect to coherence, interference and focus effects.

This exhibits the differences between the mathematical descriptions and gives a first look

inside the effects caused by the relevant parameters. Further sensor characteristics are

investigated by repeated measurements to determine the measurement uncertainty of the

corresponding sensor and comparative measurements to investigate artifacts resulting at

critical surface structures, summarized in Sec. 8.7. Repeated measurements located at the

identical position of an aluminum mirror have shown that the phase evaluation provides

a lower measurement uncertainty compared to the envelope evaluation. In addition, from

these measurements it appears that the axial accuracy of CSI is higher than that of SCM.

Furthermore, an improved lateral resolution using a higher evaluation wavelength for

the phase evaluation in CSI compared to the evaluation obtained by SCM is discussed.

Although the IPS is usually used for optically flat surfaces, this sensor is also suitable

for optically rough surfaces. This also applies to the other optical sensors. In particular,

the ICDS impresses with precise measurement results at scan velocities up to 75mm/s.

The use of comparative measurements is shown on various critical surface structures

enabling the investigation of artifacts by separating the real surface from the measured

one. Especially, measured results obtained by the AFM are suitable for reference due to

its high lateral resolution. In addition to a comparison with the measurement results of

other sensors, the surface structures measured with the AFM can be used as an input for

simulations in order to track down the causes of possible measurement deviations and to

be able to make predictions about the transfer behavior of optical sensors [136, 303].

Note that the comparative measurements are not performed on the identical location
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of the surface under investigation, due to deviations in the lateral positioning of the used

xy axes and angle deviations (pitch, yaw and roll) caused by the deflection of the vertical

positioning axes, leading to an additional lateral deviation. Moreover, it is currently not

possible to implement the commercial sensors into self-written software modules. This

prevents the fully automatic operation of the multisensor measuring system. As discussed

in Sec. 7.4.1, a position tracking of a deflected linear axis by an IDS is conceivable.

However, the presented sensor suffers from spurious reflection arising from the end-face

of the single-mode fiber. In order to avoid such a disturbance, a free-beam photodiode

should be implemented instead by the fiber-coupled photodiode in the detector arm of

the consisting sensor to detect the interference. In an extended version of the IDS, the

laser beam is collimated by a GRIN lens. Consequently, the geometrical dimensions of

the sensor are reduced and in addition, the sensor setup can be extended by a four-

quadrant diode to enable angle measurements according to autocollimator principle. This

combination might be able to detect axial length changes as well as changes of pitch

and yaw angle of a linear stage by a single sensor setup. Hence, deviations in the lateral

positioning of the measurement field in the multisensor setup caused by angle deviations of

the vertical axes can be reduced by using such a sensor. Further, measurement deviations

caused by non-linear movements of the vertical scan axis can be compensated by motion

tracking using the IDS similar to the approaches described by Manske et al. [68].

Excepting the fine roughness standard, the ICDS2 is able to determine the roughness

parameters of several roughness standards at scan velocities up to 75mm/s with devi-

ations within a tolerated range. The measurement deviations are usually due to phase

jumps caused by violation of the unambiguous range. Combining two wavelengths ac-

cording to Sec. 7.2.2, the unambiguous range can be extended and thus, the measured

deviations will be reduced. The real-time integration of this approach is part of further

investigations. Furthermore, the SinPSI algorithm (see Sec. 7.2) should be integrated into

the FPGA to evaluate the interference signals of the ICDS2 in real-time. This enables a

further miniaturization of the sensor dimensions, since a lower deflection of the reference

surface is necessary and thus, a piezo electric element (see Fig. 7.9c) with geometrical

dimensions of 2mm× 2mm× 2mm can be used as an oscillating reference plane. How-

ever, the currently used actor driver is not suitable to operate this piezo element. For

this purpose, an actor driver based on an H-bridge in which the piezo element is part of

an electrical resonant circuit has been developed and is currently being tested. Since the

bandwidth of this piezo element is not limited as for the currently used ultrasonic trans-

ducer, an additional benefit of such a piezo element as an oscillating reference mirror is

an operation at higher oscillation frequencies, which in turn increases the acquisition rate

of height values. Currently, the signal evaluation is processed in real-time on an FPGA.

In order to enable a signal evaluation in post-processing, a self-assembled oscilloscope

is in development. This oscilloscope can be synchronized with the clock and the actor

signal generated by the FPGA to avoid deviations in the phase evaluation by an incorrect

data sampling according to Sec. 7.5.3. Interference signals are sampled by an ADC with

a maximum sampling rate of 90MHz and a resolution of 14 bit. In order to handle the

transfer of this data volume to the computer, the EZ-USB FX3 USB 3.0 controller [511]

is used. The execution of the signal evaluation in post-processing enables an analysis of
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the effects of measurement deviations on the interference signal and also a verification of

the real-time processing.

The measurement objects used for comparison measurements in Ch. 8 cover a port-

folio of critical surface structures to characterize the transfer behavior of the sensors and

to investigate artifacts. This portfolio can be extended by further objects to compare and

investigate the transfer behavior on e.g. surface structures with steep edges or transparent

coated structures. Due to the axial filtering by the pinholes of an SCM, a better signal

quality compared to that of a CSI can be expected, which is confirmed by first measure-

ments on an approximately 25�m thick layer of a diamond-like material. Further, an

asymmetry in the axial response signals of the SCM obtained from the lower level of the

layer could be observed, whereas those of the upper level were symmetric (see Fig. 6.14).

While the IPS is probably able to detect a layer thickness, the ICDS only measures changes

of the layer thickness as discussed in Sec. 7.4.2. These parts can be further investigated

by comparative measurements using the multisensor measuring system. The effects of a

tilted measurement surface on the spectrum of a measured interference signal from a CSI

is shown in Fig. 5.12 for NAs of 0.5 and 0.7. This can be used to improve the phase

evaluation at steep edges by adjusting the evaluation wavelength and the spectral width

of the Gaussian filter, as investigated by Künne et al. [532]. First comparisons between an

SCM with an NA of 0.95 and a Linnik CSI with an NA of 0.9 indicate a better visibility

of the interference signals due to their modulation. However, the filtering by the pinhole

leads to an improved visibility of the SCM signal for an increased illumination intensity,

whereas the contrast of the CSI signal decreases due to an increased offset. Based on these

observations, a combination of the SCM principle with that of a CSI provides a measure-

ment sensor which comprises the advantages of both single sensors. If additionally a high

dynamic range camera is used, where the sensitivity corresponds to a logarithmic relation

instead of a linear one, an improved visibility of the optical signal at steep edges can be

expected without an overexposure of flat surface structures. However, an initial study

has shown that with an interferometric confocal distance sensor, the axial constriction of

the resulting depth response signal, as encountered with a confocal signal, is only slightly

present [533]. For this reason, hardly any increase in the accuracy for evaluation of the

signal envelope can be expected due to the confocal effect.





Bibliography 203

Bibliography

[1] J. Schmit, K. Creath, and J. Wyant, “Surface profilers, multiple wavelength, and
white light interferometry,” in Optical Shop Testing, vol. 3, Wiley, 2007.
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[274] N. Danz, B. Höfer, E. Förster, T. Flügel-Paul, T. Harzendorf, P. Dannberg, R. Leitel,
S. Kleinle, and R. Brunner, “Miniature integrated micro-spectrometer array for snap
shot multispectral sensing,”Optics Express, vol. 27, no. 4, pp. 5719–5728, 2019.

[275] Z. Yang, T. Albrow-Owen, H. Cui, J. Alexander-Webber, F. Gu, X. Wang, T.-
C. Wu, M. Zhuge, C. Williams, P. Wang, et al., “Single-nanowire spectrometers,”
Science, vol. 365, no. 6457, pp. 1017–1020, 2019.

[276] M. Taphanel, B. Hovestreydt, and J. Beyerer, “Speed-up chromatic sensors by op-
timized optical filters,” SPIE Proceedings, vol. 8788, p. 87880S, 2013.

[277] T. Kim, S. H. Kim, D. Do, H. Yoo, and D. Gweon, “Chromatic confocal microscopy
with a novel wavelength detection method using transmittance,” Optics Express,
vol. 21, no. 5, pp. 6286–6294, 2013.

[278] S. L. Dobson, P.-C. Sun, and Y. Fainman, “Diffractive lenses for chromatic confocal
imaging,”Applied Optics, vol. 36, no. 20, pp. 4744–4748, 1997.

[279] J. Garzón, J. Meneses, G. Tribillon, T. Gharbi, and A. Plata, “Chromatic confocal
microscopy by means of continuum light generated through a standard single-mode
fibre,” Journal of Optics A: Pure and Applied Optics, vol. 6, no. 6, p. 544, 2004.

[280] M. Hillenbrand, A. Grewe, M. Bichra, R. Kleindienst, L. Lorenz, R. Kirner, R. Weiß,
and S. Sinzinger, “Parallelized chromatic confocal sensor systems,” SPIE Proceed-
ings, vol. 8788, p. 87880V, 2013.

[281] J. Bai, X. Li, X. Wang, Q. Zhou, and K. Ni,“Chromatic confocal displacement sensor
with optimized dispersion probe and modified centroid peak extraction algorithm,”
Sensors, vol. 19, no. 16, p. 3592, 2019.



222 Bibliography

[282] J. Bai, X. Li, Q. Zhou, K. Ni, and X. Wang, “Improved chromatic confo-
cal displacement-sensor based on a spatial-bandpass-filter and an x-shaped fiber-
coupler,”Optics Express, vol. 27, no. 8, pp. 10961–10973, 2019.

[283] C. Sheppard and X. Mao, “Confocal microscopes with slit apertures,” Journal of
Modern Optics, vol. 35, no. 7, pp. 1169–1185, 1988.

[284] D. Burns, R. Hatangadi, and F. Spelman, “Scanning slit aperture confocal mi-
croscopy for three-dimensional imaging,”Scanning, vol. 12, no. 3, pp. 156–160, 1990.

[285] W. Amos and J. White, “Direct view confocal imaging systems using a slit aperture,”
in Handbook of biological confocal microscopy, pp. 403–415, Springer, 1995.

[286] Y. S. Sabharwal, A. R. Rouse, L. Donaldson, M. F. Hopkins, and A. F. Gmitro,
“Slit-scanning confocal microendoscope for high-resolution in vivo imaging,”Applied
Optics, vol. 38, no. 34, pp. 7133–7144, 1999.

[287] R. Fiolka, A. Stemmer, and Y. Belyaev, “Virtual slit scanning microscopy,” Histo-
chemistry and cell biology, vol. 128, no. 6, pp. 499–505, 2007.
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Abbrevations

Symbols

2.5D Two and a half dimensions is pseudo 3D. In this case, the third dimension such as a
height value exist as attribute of the other two dimensions instead of a coordinate.
This is correct for the evaluated surface topographies, which height values are saved
for the corresponding x and y coordinates. However, the 3D term is also used for
this relation in this work.

2D Two dimensions

3D Three dimensions

A

A/S Aktieselskab, Danish name for a stock-based corporation

AD Analog to digital

ADC Analog digital converter

AFM Atomic force microscopy

AG Aktiengesellschaft, analoguous to PLC

AM Additive manufacturing

AR Anti reflex

ATF Amplitude transfer function

AU Airy unit

Au Aurum, latin for gold

B

B.V. Besloten vennootschap met beperkte aansprakelijkheid, Dutch and Belgian version
of a private limited liability company

BS Beam splitter

BSC Beam splitter cube

C

CAD Computer-aided design

CCD Charge-coupled device
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CCM Chromatic confocal microscope

CCSI Chromatic confocal spectral interferometry

CD Compact disc

CMM Coordinate measuring machine

CMOS Complementary metal-oxide-seminconductor

CNC Computerized numerical control

CORDIC Coordinate rotation digital computer

Cr Chromium

CSI Coherence scanning interferometry

CTF Coherent transfer function

CW Continuous wave

CWT Continuous wavelet transform

D

DA Digital to analog

DAC Digital analog converter

DC Direct current

DCM Differential confocal microscopy

DDCM Digital differential confocal microscopy

DDR Double data rate

DFB Distributed feedback

DFG Deutsche Forschungsgemeinschaft, German research foundation

DFT Discrete Fourier transform

DMD Digital micromirror device

DOE Diffractive optical element

DOF Depth of field

DVD Digital versatile disc

E

e.V. Eingetragener Verein, German for registered association

EOM Electro-optic modulator
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ESA European Space Agency

F

FDA Frequency domain analysis

FEM Finite element method

FFT Fast Fourier transform

FOV Field of view

FPGA Field programmable gate array

FSA Five-sample adaptive algorithm

FWHM Full width half maximum

G

GBW Gain bandwidth

GmbH Gesellschaft mit beschränkter Haftung, german name similar to the international
term Ltd.

GmbH & Co. KG Gesellschaft mit beschränkter Haftung & Compagnie Kommanditge-
sellschaft

GMF Global model fitting

GRIN Gradient Index

H

HDR High dynamic range

HPS Hard processor system

HSMC High-speed mezzanine card

HWR Height to wavelength ratio

I

ICDS Interferometric-confocal distance sensor

IDS Interferometric distance sensor

Inc Incooperated

InGaAs Indium gallium arsenide

IPS Interferometric point sensor

IR Infrared
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ITF Instrument transfer function

L

LCOS Liquid crystal-on-silicon

LCSI Laterally chromatically, spectrally encoded interferometer

LED Light emitting diode

LFS Laser focus sensor

LIGO Laser Interferometer Gravitational-Wave Observatory

LiNbO3 Lithium niobate

LISA Laser Interferometer Space Antenna

LLC Limited liability company

LMF Local model fitting

LT Lehmann Tereschenko algorithm

Ltd Limited

M

MOSFET Metal-oxide-semiconductor field-effect transistor

MTF Modulation transfer function

MZI Mach-Zehnder interferometer

N

NA Numerical aperture

NFFT Nonequispaced fast Fourier transforms

NIR Near infrared

NPMM Nanopositioning and nanomeasuring machine

O

OCT Optical coherence tomography

OPD Optical path difference

OPL Optical path length

OPV Operational amplifier

OTF Optical transfer function
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P

PC Personal computer

PD Photodiode

PLC Puplic limited company

PMT Photomultiplier tube

PSD Power spectral density

PSF Point spread function

PSI Phase-shifting interferometry

PTB Physikalisch-technische Bundesanstalt, Germany

PTF Phase transfer function

PV Peak-to-valley

R

RCWA Rigorous coupled-wave analysis

RGB Red green blue, primary colors

RMS Root mean square

ROI Region of interest

S

SARL Sociézé à responsabilité limitée, French version similar to German GmbH

SCM Scanning confocal microscopy

SD Secure digital memory

SDRAM Synchronous dynamic random-access memory

Si Silicon

SinPSI Sinusoidally phase shifted interference

SiO2 Silicon dioxide

SLED Superluminescent light emitting diode

SLS Selective laser sintering

SMA SubMiniature version A, coaxial connector

SNOM Scanning near-field microscopy

SNR Signal to noise ratio
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SS-OCT Swept-source optical coherence tomography

STM Scanning tunneling microscope

SU-8 Epoxy-based negative photoresist

T

TAG Tunable, acoustically driven gradient-index

TE Transverse electric

TFM Three-faceted mirror

TM Transverse magnetic

U

UART Universal asynchronous receiver transmitter

USB Universal serial bus

UV Ultraviolet

V

VDE Verband der Elektrotechnik Elektronik Informationstechnik e.V., German for As-
sociation of Electrical, Electronic and Information Technologies

VDI Verein deutscher Ingenieure e.V., German for Association of German Engineers

VIS Visible

W

WD Working distance

WDM Wavelength division multiplexer

WLI White-light interferometry

Z

ZIM Zentrales Innovationsprogramm Mittelstand
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Symbols

A Object height
a Object distance to a lens
Ac Coherence area
α Edge slope angle
α12 Summation of arg{γ12}, Phase between the waves

emitted by two different light sources
B Complex magnetic flux density vector
B Image height
b Image distance to a lens
B0 Amplitude vector of magnetic field
C Capacitor
c Propagation velocity of an electromagnetic wave in a

medium
c0 Speed of light in vacuum
Cs Confidence value
D Diode
δ Phase in case of an optical path length difference
Δλ Wavelength range, wavelength difference
Δφ Phase difference
Δt Time interval
ΔtLED Illumination time
δx,y Lateral optical resolution limit
Δz Axial length difference, step size
Δν Spectral width
Δν-3dB Spectral width at -3 dB
ΔνBW Spectral width according to Born and Wolf
ΔνFWHM Spectral width at FWHM
Δzm Length change of the measurement arm in an inter-

ferometer
dz Depth of field, longitudinal spatial coherence length
E Complex electric field vector
e Unit vector
e Elementary charge
E0 Amplitude vector of electric field
Eph Photon energy
ε Deviation
η Spatial coordinate in light source plane
ηq Quantum efficiency
F Focal point, Force (in Sec. 4.2.1)
f Focus length, frequency
fa Oscillation frequency of the actor



248 Symbols

fc Cutoff frequency of electrical signals
fcam Frame rate of a camera
FG(k) Spectral Gaussian filter function
fO Focus length of a microscope objective
fT Focus length of a tube lens
fs Sampling frequency
G Transfer function
γ12 Complex degree of coherence
H Fourier transform of the point spread function
h Measured height value, Radial variation of an ampli-

tude point spread function (in Sec. 2.3.4)
henv Determined height value using envelope evaluation

h̃ Fourier transform of the height value h
hp Determined height value using phase evaluation
Hs(k) Heaviside step function
I Intensity
i Imaginary number
Ia Analytical interference intensity
IDC Intensity offset of interference signal
I(k) Spectral density of the response signal I(z)
ik Short circuit current
iPD Time depending electrical current of a photodiode
iph Photo current
Is Reverse bias saturation current
I(z) Depth response signal
J1 Bessel function of first order and first kind
k Wave vector or propagation vector
κ Multiplication factor to define several lateral resolu-

tion limits
kB Boltzmann constant
kc Spatial cutoff frequency
ke Evaluation frequency
km Spatial frequency which marks the point where the

MTF of the Mirau matches the course of the conven-
tional microscope

kp Spatial frequency corresponding to half of the cutoff
frequency kc

kr Spatial frequency covered by a circular reference mir-
ror

k0. Wave vector of zeroth diffraction order
k−1. Wave vector of first diffraction order
kin Wave vector of the incident wave
ks Wave vector of scattered field
L Number of repeated measurements
λ Wavelength of an electromagnetic wave, Synthetic

wavelength (in Sec. 7.2.2)
λ0 Central wavelength
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Λ50% Spatial wavelength where the measured height of a
periodic structure corresponds to 50% of the real
height

Λc Spatial cutoff wavelength
λe Evaluation wavelength
λeff Effective wavelength
ΛR Spatial wavelength representing the Rayleigh crite-

rion
Λs Spatial cutoff wavelength lower than Λc

lc Coherence length
Lg Period length of a grating
Ln Lateral measurement distance of 6Λc

Lr Lateral measurement distance corresponding to Λc

M Optical magnification, Fringe order (in Sec. 5.5.2)
m Diffraction order
MA Angular magnification
MO Magnification of a microscope objective
μ Magnetic permeability
μ0 Constant magnetic permeability in vacuum
μr Relative permeability
N Number of values in a tuple
ñ Complex refractive index
n Refractive index
∇2 Laplace operator
nt Temporal sampling points
ν Oscillation frequency of an electromagnetic wave
ν0 Central frequency
O Optical transfer function
ω Angular frequency
Pe Radiation power
Φ Phase of the synthetic wave
φ0 Phase shift of an electromagnetic wave
φobj Phase shift in the measurement arm of an interfer-

ometer
φref Phase shift in the reference arm of an interferometer
Ψs Fourier transform of the scattered electromagnetic

field
ψs Scattered electromagnetic field
P (θ) Pupil function
Q Point source (in Sec. 2.2.2), Transistor
qρ Lateral component of a wave vector k
qz Axial component of a wave vector k
R Resistor
r Location vector
r Radius
R0 Distance at the zero point of ULJ

Ra Arithmetic mean value
� Optical reflectivity
RF Feedback resistor
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ρ Charge density (in Sec. 2.1), Radius
Rp Complex Fresnel reflection coefficient for transverse

magnetic polarized light
rp Finite pinhole radius
Rq Root mean square roughness parameter
rref Radius of circular reference mirror
Rs Complex Fresnel reflection coefficient for transverse

electric polarized light
rtip Radius of stylus tip
R(z) Curvature radius of a Gaussian beam
Rz0 Residual value
Rz Mean height roughness parameter
S Poynting vector
s Distance, Gaussian filter function (in Sec. 8.6)
Σ Spatial region of light source
σ Conductivity (in Sec. 2.1), Standard deviation
σν Standard deviation of a spectral density
SL Frequency range of the power spectral density cov-

ered by a lens
T Temporal period length, Temperature
τ Time difference
τc Coherence time
Tcam Temporal period length for the integration time of

the camera
θg Diffraction angle on a grating
θin Incident angle
θt Transmittance angle
u Time depending electrical voltage
U0 Depth of the potential well at 21/6Ra

ULJ Lennard-Jones potential
uPD Electrical voltage across the photodiode
Us Constant power supply voltage
ε Electric permittivity
ε0 Constant electric permittivity in vacuum
εr Relative permittivity
εs Relative deviation
κ Extinction coefficient
ϕ Rotation angle
V Visibility, contrast or modulation
vs Scan velocity
W Window function
w0 Minimal waist radius of a Gaussian beam
w(z) Waist radius of a Gaussian beam
x Geometrical coordinate
ξ Spatial coordinate in light source plane
y Geometrical coordinate
z Geometrical coordinate
za Amplitude of the oscillating actor
zm Length of measurement arm in an interferometer
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zR Rayleigh range
zr Length of reference arm in an interferometer
zs Scan range
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mWith increasing miniaturization and rising demands on the manufacturing 
accuracy of surface structures in the micro- and nanometer range, the re-
quirements for measurement technology to ensure manufacturing quality also 
increase. Various tactile and optical measurement techniques are available 
for this purpose. Since these differ in their transfer behavior, the systematic 
deviations occurring in height values measured on critical surface structures 
also distinguish.  To characterize and compare different sensors, comparative 
measurements and measurements on surface standards of known structures 
are usually performed.

In this work, several sensors are introduced and compared using a multisensor 
measuring system. In case of the investigated sensors, the focus is on optical 
sensors such as a coherence scanning interferometer and a scanning confocal 
microscope for full-field measurements as well as a self-assembled fiber-
coupled interferometric confocal distance sensor for point-wise pro� lometry. 
For reference, a tactile stylus instrument and an atomic force microscope are 
used. Comparative measurements are performed on several measurement 
objects with different surface structures.
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