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Preface
Due to their multiple capabilities compared to other methods and the
current progress of opto-electronic devices optical measuring principles
gained more and more attraction over the last decades. If micro- and
nanostructures are to be measured adequate optical profilers are often
based on microscopic imaging and thus, they suffer from the optical
diffraction limit. However, in addition to the diffraction limit in threedimensional microscopy additional effects come into play, which lead to
artifacts, i. e. the measured 3D topography systematically deviates from
the real topography of a measuring object. High optical resolution requires
microscope objective lenses with high numerical apertures. Unfortunately,
as the numerical aperture increases, the complexity of appropriate theoretical modeling and the probability of measuring artifacts increase too.
A prominent example in this context is given by batwings occurring at
step height structures in white-light interferometry. Due to these effects
current ISO standards (ISO 25178) recommend to exclude the areas
close to the step from further evaluation and calculation of topography
parameters. Nevertheless, these parts of the topography may be relevant
for the functional behavior of the corresponding component.
Weichang Xie dedicates this PhD thesis to the careful analysis of
phenomena such as batwings in order to obtain a better understanding
of the physical mechanisms behind it. Furthermore, the results of this
thesis encourage developers to improve future measuring instruments
and strategies to reduce systematical measurement errors in micro- and
nanotechnology. In this thesis theoretical results obtained by different
models are compared with each other and with corresponding experimental
findings. The theoretical modeling starts with a Fourier optical approach
based on the well-known Kirchhoff approximation. This approach is
successively extended in order to consider relevant influences such as high
numerical apertures, polarization and angle dependent reflection as well
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as edge diffraction. As an alternative method the author consults the
Richards-Wolf model which is known from the theoretical description of
microscopic imaging considering defocus. To my knowledge this is the
first time that this model is extended to depth scanning interference
microscopy. Weichang Xie demonstrates convincingly that the model even
holds for higher aspect ratios of surface structures and lateral structure
dimensions which are of the order of the lateral resolution limit.
Although he focusses his work primarily on white-light interferometry
the Richard-Wolf model is extended in a way that even confocal microscopy
is included. This allows not only to study systematic measurement errors
of different systems but also to compare the performance of the working
principles of different optical profilers.
Weichang Xie carried out this work as a member of my research
group at the University of Kassel, Germany. I’m sure that this thesis will
find its readers. I hope that it will contribute to a deeper understanding
of the transfer characteristics of optical profiling principles in general
and especially those of coherence scanning or white-light interference
microscopy.

Kassel, August 2017
Peter Lehmann
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Abstract
Reliable production processes and progress in micro and nanotechnology require adequate measuring instruments to obtain the threedimensional geometry of products. White light interferometers and confocal microscopes are widely used for topography measurement in industrial
and scientific applications. These optical profilers present significant advantages in comparison with stylus profilometry and scanning probe microscopy. At first, an optical, therefore non-contacting technique is used
so that measurement samples such as delicate membranes or soft materials
can be measured without risk of damage. Besides, optical techniques are
also significantly faster due to their ability to scan the entire field in parallel rather than proceed by point to point scanning.
However, optical profilers suffer from different systematical artifacts.
In white light interferometry dispersion in the optical system leads to measurement errors in the envelope evaluation and consequently severe ghost
steps take place in the phase evaluation, especially at locations with high
surface slope at the margins of the field of view. Contrarily, if dispersion is
corrected or compensated by appropriate means, such errors in measurement results disappear.
Systematical effects occur at other topography structures as well. Rectangular or step height structures are an example of the usual and significant
measurement samples. Overshooting, also called batwing, takes place commonly at edge positions. The batwings may be reduced or even eliminated
if an appropriate wavelength of illumination is chosen, while keeping the
rest of the instrument unchanged. The occurrence of batwings is usually
explained as a result of interference between waves reflected from the top
and bottom surfaces of the edge.
Additionally, batwings may take place or disappear if a step height
structure of different heights or edge widths is measured by a white light
interferometer. Besides the systematical effects mentioned above, other
effects in white light interferometry are studied as well, such as overesti-
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mation of the roughness, polarization-dependent batwings, shadow effect
for rectangular structures with high aspect ratios, etc. The occurrence or
disappearance of the batwing effect also takes place in measurements of
step height structures in confocal microscopy. However, the systematical
artifacts differ from those in white light interferometry.
The motivation of this work is to explain diverse systematical discrepancies of measurement results obtained by white light interferometers and
confocal microscopes compared to the “real” profile of a sample through
theoretical and experimental studies, so that a better understanding of the
relevant effects is obtained and device-related improvements as well as new
measurement and evaluation strategies can be derived. Mathematical modeling and numerical simulation is performed to estimate and explain the
systematical errors. Besides physical phenomena, such as diffraction, temporal and spatial coherence, the physical properties of both, the measuring
instrument and the measurement objects are considered in the modeling
and are summarized in the following Table.
Physical
phenomena

Properties of
measuring instrument

Properties and types of
measurement object

Diffraction

Illumination wavelength

Step height and aspect ratio
of perpendicular edges

Temporal
coherence

Numerical aperture

Local slope and edge width of
quasi-perpendicular edges

Spatial
coherence

Dispersion

Sinusoidal structures,
tilted and curved surfaces

Shadow
effect

Pupil function

Surface roughness

Edge diffrac- Polarization of illumina- Fresnel reflectivity
tion
tion
Three mathematical modeling approaches are presented in this work:
Fourier optics, Kirchhoff scattering theory and Richards-Wolf modeling.
Each of these models considers different properties of the measuring instrument and measurement object. Diverse measuring instruments including
Michelson, Mirau and Linnik interferometers, as well as confocal micro-

xi
scopes are used for measurement. Simulation and measurement results are
compared and analyzed.
Generally, white light interferometers and confocal microscopes indicate nonlinear transfer characteristics. The measurement results undergo
a complex mutual interaction of physical properties of both, the measuring
instrument and the measurement objects. Detailed conclusions are illustrated in Chap. 7.
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Kurzfassung
Zuverlässige Produktionsprozesse und Fortschritte in der Mikro- und
Nanotechnologie erfordern adäquate Messinstrumente, um die dreidimensionale Geometrie der Produkte zu erhalten. Weißlichtinterferometer und
konfokale Mikroskope haben sich für die Topographiemessung in industriellen und wissenschaftlichen Anwendungen etabliert. Im Vergleich zu
taktilen Tastschnittgeräten und Rastersondenmikroskopen zeigen optische
Profilometer signifikante Vorteile. Zuerst handelt es sich um eine optische,
daher berührungslose Technik, so dass Messobjekte wie z. B. empfindliche
Membranen oder weiche Materialien beschädigungsfrei gemessen werden
können. Zudem ist der Messvorgang optischer Profilometer sehr schnell,
da die Abtastpunkte eines Messfeldes gleichzeitig erfasst werden. Taktile
Messverfahren messen hingegen jeden Abtastpunkt einzeln.
Allerdings entstehen in der optischen Profilometrie systematische
Messabweichungen. Im Fall einer nicht korrigierten Dispersion treten in
der Weißlichtinterferometrie Fehler in der Hüllkurvenauswertung auf und
äußern sich durch Phasensprünge in der Phasenauswertung. Dieser Effekt
findet insbesondere an Stellen mit hoher Steigung und an den Rändern des
Messfeldes statt. Unter Verwendung chromatisch korrigierter optischer
Abbildungssysteme lassen sich die Dispersionsfehler des optischen Systems
kompensieren und damit einhergehend die Messabweichungen reduzieren.
Systematische Effekte treten auch bei anderen Strukturen auf.
Rechteck- oder stufenförmige Strukturen finden sich vielfach auf üblichen
und signifikanten Messobjekten. Die an diesen Strukturen häufig auftretenden Artefakte äußern sich durch ein Überschwingen des gemessenen
Höhenprofils an den Kanten und werden als Batwing-Effekt bezeichnet.
Dieser Effekt kann durch eine geeignete Wahl der Beleuchtungswellenlänge
des Messinstruments beseitigt oder zumindest reduziert werden. Das
Auftreten des Batwing-Effekts wird gewöhnlich als ein Phänomen der Interferenz zwischen Lichtwellen, die von der oberen und unteren Oberfläche
der Kante reflektieren, erklärt.

xiii
Zusätzlich kann ein Auftreten oder Verschwinden des Batwing-Effekts
in der Weißlichtinterferometrie beobachtet werden, wenn anstelle der
Wellenlänge die Stufenhöhe oder -breite der zu messenden Oberfläche
verändert wird. Neben den zuvor erwähnten systematischen Effekten
treten auch andere Effekte in der Weißlichtinterferometrie auf, wie z. B.
die Überschätzung von Rauheitsparametern, die Polarisationsabhängigkeit
des Batwing-Effekts, Schatteneffekte bei rechteckigen Strukturen mit
hohem Seitenverhältnis usw. Das Auftreten oder Verschwinden des
Batwing-Effektes kommt ebenfalls bei Messungen von stufenförmigen
Strukturen in der Konfokalmikroskopie vor. Allerdings unterscheiden sich
die systematischen Artefakte von denen in der Weißlichtinterferometrie.
Die Motivation dieser Arbeit ist es, verschiedene systematische
Unterschiede zwischen Messergebnissen aus der Weißlichtinterferometrie,
der konfokalen Mikroskopie und dem ”echten” Profil einer Probe durch
theoretische und experimentelle Untersuchungen zu erklären, so dass ein
besseres Verständnis der relevanten Effekte gewonnen und gerätebezogene
Verbesserungen sowie neue Mess- und Auswertungsstrategien abgeleitet
werden können. Mathematische Modellierungen und numerische Simulationen werden durchgeführt, um die systematischen Fehler zu untersuchen.
Nicht nur physikalische Phänomene wie z. B. Beugung, zeitliche und
räumliche Kohärenz, sondern auch die physikalischen Eigenschaften der
verschiedenen Messgeräten und Messobjekten werden bei der Modellierung
berücksichtigt. Diese werden in der folgenden Tabelle zusammengefasst.

Physikalische Eigenschaften der
Phänomene
Messinstrumente

Eigenschaften und Typen
von Messobjekten

Beugung

Wellenlänge der
Beleuchtung

Stufenhöhe und Seitenverhältnis
senkrechter Stufenkanten

Zeitliche
Kohärenz

Numerische Apertur

Lokale Steigung und Kantenbreite
quasi-senkrechter Stufenkanten

Räumliche
Kohärenz

Dispersion

Sinusförmige Strukturen,
geneigte und gekrümmte Flächen

Schatteneffekt

Pupillenfunktion

Oberflächenrauheit

Kantenbeugung

Polarisation der
Beleuchtung

Fresnelreflektivität
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In dieser Arbeit werden drei mathematische Modellierungsansätze
vorgestellt: Fourier-Optik, die Kirchhoff- und die Richards-Wolf-Theorie.
Jedes dieser Modelle berücksichtigt unterschiedliche Eigenschaften des
Messgerätes und Messobjekts. Zur Messung werden diverse Messgeräte wie
Michelson, Mirau und Linnik Interferometer, sowie konfokale Mikroskope
eingesetzt. Simulations- und Messergebnisse werden verglichen und
analysiert.
Im Allgemeinen zeigen Weißlichtinterferometer und konfokale
Mikroskope nichtlineare Übertragungseigenschaften. Das Messergebnis
unterliegt einer komplexen gegenseitigen Wechselwirkung der physikalischen Eigenschaften sowohl des Messgerätes als auch der Messobjekte.
Eine detaillierte Zusammenfassung ist Kap. 7 zu entnehmen.
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1. Task and state of the art
Optical profilometers are over the past few decades more and more
applied to high-resolution contour, topography and roughness measurement. Compared to stylus-based contact instruments optical profilometers have the advantage not only to characterize surfaces contactlessly
and therefore without damage, but also to achieve higher measurement
speeds. Scanning White Light Interferometers (SWLI) and confocal microscopes with low coherent light are well established optical instruments
for non-contact, fast, accurate and repeatable measurement of 3D structures [KC90, LS90, Cab93, Dd94b, Wil90]. However, white light interferometers suffer from diverse artifacts: batwings may take place at edge structures [HW00,RVLF05]; dispersion in optical system leads to ghost steps in
phase evaluation [PS04,BSO07]; fringe spacing of interference correlograms
grows as the numerical aperture (NA) increases [IJ58, SE91], etc. Confocal microscopes suffer from systematic errors as well, e.g. overshooting at
rectangular edges arises from mutual interactions between the illumination
and the topography surface [AM95, BLS+ 86]. Aim of this dissertation is
to obtain concrete quantitative statements, which characterize the transfer behavior of white light interferometers and confocal microscopes with
respect to the physical properties of the measuring instrument and the
measurement object. Measurement configurations, like Michelson, Linnik,
or Mirau interferometer setup, NA of the microscope objective, wavelength
and polarization of the illuminating light, all of these properties and parameters of a white light interferometer take an effect on the measurement results. Furthermore, properties of the measurement object are also
strongly related to the results, e.g. rectangular or sinusoidal structures,
rough surfaces, or even structures with inhomogeneous optical properties
(e.g. chrome grating on glass substrate). The study does not only allow a better understanding of the relevant effects, but it can also derive
device-related improvements as well as new measurement and evaluation
strategies. A detailed illustration of each issue is given in the following.
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1.1. Transfer characteristics and resolution
limit of white light interferometer
The lateral resolution is regarded as the smallest distance between two
still resolvable points on the measurement object. Two kinds of measuring objects are distinguished: amplitude and phase objects. Amplitude
objects only affect the amplitude but not the phase of the reflected or
transmitted light wave. They diminish the light passing through or reflecting back, consequently the amplitude of the wavefronts is reduced and the
intensity recorded by a camera will be modulated. Therefore, amplitude
objects modulate the intensity, resulting for example from transmission or
reflection. In this case for the lateral optical resolution the Rayleigh or the
Sparrow criterion according to equation 1.1 and 1.2 is usually applied:
λ
NA
λ
= 0.475
NA

δRayleigh = 0.61

(1.1)

δSparrow

(1.2)

These criteria are directly derived from the analytical point spread
function (PSF) [Pau99]. NA is the numerical aperture. The Optical transfer function (OTF) or its absolute value, the modulation transfer function
(MTF) characterizes the imaging capabilities and can be derived by linear
system theory. The MTF is applied, if the contrast reduction is of most
interest and pattern translation can be ignored.
However, ideal phase objects change the phase but not the amplitude
of a reflected or transmitted light wave. Different refraction indices of the
specimen, or a 3-dimensional measuring object, can result in phase shifts,
yet the intensity in the image plane is not modulated by the phase shifts
and the phase object can be invisible when observed through a microscope.
To visualize phase objects, interference can be utilized to convert a phase
modulation into an intensity modulation. Phase shifting interferometry
can be understood as an optical profilometer which converts the measured
intensity modulation back into a phase modulation, and further into the
geometrical dimensions of the measuring surface. In SWLI the amplitude
of the interference signals is modulated, in addition, depending on the optical path difference (OPD) of local surface points. In this dissertation,
phase objects are investigated: sinusoidal and rectangular surface gratings

1.1. TRANSFER CHARACTERISTICS AND RESOLUTION LIMIT OF WHITE LIGHT INTERFEROMETER
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with homogeneous (e.g. silicon grating) or inhomogeneous (e.g. chrome
grating on glass substrate) reflective properties, as well as technical surfaces of different roughness. For measurement objects like chrome gratings
on a glass substrate, the amplitude of the reflected light is also modulated.
Those samples can also be classified as phase objects since phase changes
result from the height modulation. While the OTF describes the transfer
function very well if an amplitude object is imaged, it is not appropriate in
case of a phase object. Instead of the OTF, de Groot et al. [dC05] define
an “Instrument Transfer Function (ITF)” on the basis of the MTF, which
is well-known from imaging theory. The ITF represents the fraction of the
amplitude of a sinusoidal measuring object as obtained by the measuring
instrument. Obviously, ITF is also a function of the spatial frequency of
the sinusoidal object. De Groot et al. [dC05] point out that under the assumption of rather small surface amplitudes (compared to the wavelength
of light) and incoherent illumination the ITF of a white light interferometer agrees with the MTF of the corresponding microscopic imaging system.
However, this condition is usually violated in the practice, since surfaces
and gratings often show height differences up to several wavelengths of the
light.
According to the VDI/VDE guideline 2655-1.1 [VDI08] the lateral resolution corresponds to the wavelength of a sinusoidal profile, if the modulation depth, i.e. the peak-to-valley amplitude has dropped to 50% of
the full modulation depth, which in practice can be achieved at a surface
wavelength two to three times greater than the Rayleigh resolution according to [VDI08]. The 50% condition results from tactile stylus instruments
(DIN EN ISO 4287:2010-07) analyzed by linear system theory. However,
like tactile instruments, optical profilometers are also inherently nonlinear,
so that the lateral resolution does not only depend on the properties of the
instrument but also on the surface structure which is to be measured.
It has already been mentioned that ITF is in good agreement with
MTF, if the surface height is much smaller than the wavelength of light so
that a linear transfer characteristic can be assumed. For larger height differences the ITF is no longer linear. At certain height levels, the measured
profile shows some well-known batwing effects, where overshoots occur at
step height structures smaller than the coherence length of illumination
light. According to Harasaki et al. [HW00] batwings increase as the numerical aperture of the interference objective increases. Hence, batwings
become most relevant for highly resolving microscope objectives. A com-
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parative study of several commercial white light interferometers using a 1
µm pitch standard and 50x Mirau objectives (NA = 0.55) revealed errors
concerning the peak-to-valley height (PV) value of more than 100%, although the optical resolution of the instruments according to the Rayleigh
criterion was 0.67 µm [GLPC08]. These enormous discrepancies can be
explained by the batwing effect. This effect causes systematic errors, if
height values are obtained on the basis of maximum interference contrast.
If these deviations exceed a quarter of the central light wavelength difficulties in the determination of the correct fringe order arise. An incorrect
fringe order leads to a height jump of an integer multiple of half the central
wavelength [dCKT02]. The nonlinearity of the transfer characteristics of
SWLI concerning the batwing effect is one of the main points addressed in
this dissertation. The batwing effect results mainly from diffraction and coherence. A numerical simulation taking diffraction and temporal coherence
into account is performed to study the ITF not only at different periods
of a rectangular grating but also at different height values. The batwing
effect is studied and explained by simulation.

1.2. Dispersion effects in white light
interferometry
Chromatic aberrations give rise to systematic measuring errors in white
light interferometry if they cause dispersion differences between the measuring and the reference path of an interferometer [PS01, Leh10]. An important aspect in this context is the lateral chromatic aberration of an
interference microscope. Lateral color is a consequence of dispersion effects and can be minimized by proper correction of the optical imaging
system. However, optical imaging systems are never perfect. Hence, for an
estimation of the uncertainty budget of any SWLI system it is necessary
to quantify the remaining errors with respect to topography measurement.
In a recent contribution a method using the linear system theory based
on OTF and PSF to characterize and compensate for field-independent errors (shift-invariant) errors has been introduced by J. Coupland [Cou14].
These errors occur, if, for example, the axial position of the reference mirror doesn’t match the depth of focus of the objective lens appropriately.
In this case the effect of chromatic aberrations can be integrated into the

1.3. TEMPORAL AND SPATIAL COHERENCE EFFECTS IN WHITE LIGHT INTERFEROMETRY
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linear theory and the effect of aberration can be reduced through a calibration and adjustment procedure.
Furthermore, field-dependent aberrations play an important role as
well, since they are related to inherent properties of the optical system and
occur even if the interferometer is well-adjusted. Lateral color is a typical
field-dependent phenomenon. WLI instruments have been characterized
with respect to lateral color by use of frequency domain analysis [Col04].
Berger et al. investigated measurement errors of mirrorlike, tilted object
due to chromatic aberrations [BSO07]. Tilted objects lead to an unsymmetrically illuminated pupil plane, which is comparable with having an
additional phase plate in one of the interferometer arms. In case of fielddependent chromatic aberrations, measurement results suffer from errors
dependent on the lateral position and local slope of the object. Since the
occurring dispersion effects lead to systematic errors in height measurement, their compensation should also be possible [LKX14].
A Michelson interferometer with a long working distance apochromatic
objective of 5x magnification (NA = 0.14), which is not originally designed
for a Michelson interference microscope, was built for topography measurement [LKX14]. This low-coherence interferometer has a large measuring
field in the range of square millimeters and the experimental setup is compact and robust. However, chromatic aberration arising from the cube
beam splitter causes systematic errors. Two methods are applied to improve the measurement performance. The first way is to reduce the chromatic aberration by adding additional lenses to the measurement setup.
Measurement errors can be reduced since less aberration is present in system. Another possibility is to correct the measurement results through
calibration. Numerical simulation is performed to study the systematic errors caused by chromatic aberration. If these errors are sufficiently known,
an appropriate numerical correction of measured topography data can be
performed.

1.3. Temporal and spatial coherence effects in
white light interferometry
Microscope objectives of high NA are usually applied to improve the
lateral resolution. It has been shown that the interference fringe spac-
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ing will be affected by the interferometric microscope objective, if the NA
of the objective is increased [IJ58, Gat56, SE91]. As the NA gets larger,
the distance between two fringes in the interference correlogram becomes
greater than half of the centroid wavelength of the illumination. In this
case, the wavelength relevant for phase evaluation should be calibrated
and consequently an effective wavelength is applied. The NA factor between the effective wavelength and the nominal illumination wavelength,
as well as the height-to-wavelength ratio (HWR) between the step height
and the effective wavelength depends on the incident angle on the measurement object and therefore on the NA. So far, only temporal coherence of the illumination has been considered, i.e., spatial coherence related to focusing behavior at high NA is ignored. Many publications have
tried to explain this effect through analysis and measurement. Most authors assume monochromatic illumination or a mirror-like measurement
object [IJ58, SE91, Gat56, SL95, MR63, Cre89]. Interference signal formation on a reflecting rectangular grating both, at plateau and edge positions
is studied by modeling and simulation, considering temporal coherence
(related to illumination spectrum), spatial coherence (related to high NA),
imaging diffraction (related to PSF), reflection on object surface (related to
Fresnel coefficients), scattering (related to the periodic rectangular structure), knife-edge-diffraction (related to sharp edges on the surface) and
polarization.
One of the most popular theories to interpret the light scattering from
rough surfaces is the Kirchhoff approximation [BW99, Str45, BS87, Fun94,
Liu01, Leh03]. With this theory it is assumed that the local curvatures
of the surface are small enough to fulfill the Kirchhoff-Tangent-PlaneApproximation, so that the surface can be treated locally as a flat plane
and the Fresnel reflection coefficients can be applied. Therefore, Kirchhoff
approximation is highly appropriate for smooth surfaces without edges.
Ogilvy [Ogi91] claimed that the smallest radius of curvature on surface
should meet the following equation:
rc,min ≥ 3λ.

(1.3)

Therefore, Kirchhoff approximation is sometimes regarded as a “highfrequency approximation”, since the approximation will be more accurate
if high frequency illumination (which means low wavelength) is applied.
Multiple scattering is ignored in Kirchhoff theory. Effects due to multiple
scattering become increasingly important as the incidence angle increases.
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Also edge diffraction will become significant at increasing incidence angle.
Therefore, the approximation should be at its poorest close to the surface edges, when diffraction effects can not be adequately modelled, due to
the fact that scattering from the surface is no longer dominant compared
to edge diffraction [Ogi91]. However, Beckmann and Spizzichino [BS87]
pointed out that the presence of surface discontinuities such as rectangular
corrugations is not itself a severe restriction on the use of Kirchhoff approximation. It is the ratio of the width of the corrugations and the separation
between adjacent corrugations (corresponding to long period of rectangular
grating) to the wavelength of illumination that are of primary importance.
The larger the ratio is, the more accurate the Kirchhoff theory can be. McCammon and McDaniel [MM86] concluded that Kirchhoff theory achieves
good performance for surfaces with low wave heights (corresponding to
small height of rectangular grating), long correlation lengths and low frequencies (again corresponding to long period of rectangular grating) and
angles of incidence less than around 60° (corresponding to a NA of 0.87).
In this work, a Kirchhoff model taking the spatial coherence into account
due to multiple angles of incidence at a NA of 0.9 is obtained to simulate
interference signal formation at a rectangular grating with small aspect ratio (AR) 1 . An effective wavelength can be obtained by Fourier transform
of the corresponding interference correlogram and subsequently the HWR
value is calculated for a given LED illumination. By changing the color
LED a variable HWR results when the same rectangular grating is used.
A quantitative study of the batwing height is made in dependence of the
HWR value.
Polarization also plays an important role in topography measurement
using white light interferometry, especially when edge structures such as
rectangular gratings are measured. Roy et al. [RSH09] achieved minimization of batwing effects at edge structure with a modified Linnik interferometer using a polarizer and a pair of switchable achromatic phase-shifters.
Totzeck et al. [TJT99] use the polarization effect to enhance edge detection
with an interference microscope. They achieved a good agreement of experimental measurement results with rigorous numerical simulations according
to the RCWA (Rigorous coupled-wave analysis) theory and obtain a sensitive method for linewidth measurements of topographical microstructures.
Many authors studied the scattering from surfaces with edges under polarization using a number of rigorous techniques such as FMM (Fourier Modal
1

Aspect ratio is defined in this work as height-width ratio of the rectangular grating structure
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Method), also referred to as RWCA [LPK12, SD98, JB11], the waveguide
model [NK88,YS91] and integral equations [Mar84,CK13]. These different
approaches based on the Maxwell’s equations are principally equivalent,
but are of different numerical efficiency depending on the geometry and
material properties of the scattering surface. These methods give a more
accurate modeling of the scattering problem compared to scalar diffraction
theories, when the grating period is the order of incident wavelength and
the groove depth is comparable to its period. However, the computational
effort of rigorous techniques involves intensive calculations requiring inter
alia solution to eigenvalue change and dense matrices, but offers little opportunity for intuitive insight into the processes taking place inside the
grating region and cannot be easily applied to solve the inverse problems
of grating.
Liu [Liu01] studied the far-field speckle patterns for polarized laseroptical roughness measurement on technical surfaces using a vectorial
Kirchhoff modelling. Bruce [Bru03, Bru08, Bru11] made a modification
of the Kirchhoff approximation to allow calculation of the scattering from
rough surfaces with high, or even infinite slopes. The method was extended
to include high-order scattering and polarization effects on 2D rough surfaces. Good agreement has been achieved between the Kirchhoff method
and the integral equation method that way, especially at low incidence angle and if the groove depth is much lower than the groove width.
Edge diffraction takes place when a plane wave illuminates a diffracting
screen, which ideally is a semi-infinite screen (knife edge) of negligible thickness. In practice office buildings, trees, houses, terrain, and many other
things may be modeled as screens for the purposes of UHF (ultrahigh frequency) and microwave radio diffraction [Lue84,NR95]. Durgin studied the
polarization-dependent Sommerfeld half-plane diffraction solution and interpreted an interrelationship to the scalar, i.e. polarization-independent,
KED (knife-edge diffraction) [Dur09,BW99]. According to Sommerfeld solution, TM (transverse-magnetic) polarization leads to a higher amplitude
distribution in the shadowing region compared to TE (transverse-electric)
polarization.
In this work a 3D Kirchhoff model based on the 2D Kirchoff model
is introduced, considering polarization effects based on Fresnel reflection
and edge diffraction. Simulated interference correlograms are evaluated by
the same algorithms as real SWLI measurement data. The height profiles are reconstructed by the well-known envelope and phase evaluation
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techniques [dCKT02, FWT00]. Finally, for the purpose of validating the
mathematical modelling, simulation results are compared to experimental
results.
The Kirchhoff modeling is not appropriate for simulation of rectangular gratings with high AR value and inhomogeneous Fresnel reflection. For
this purpose a Richard-Wolf modeling [RW59] from the imaging microscopy
is adapted to fit the interferometric setup. Originally, the Richards-Wolf
modeling is an investigation of the distribution of the field amplitude near
the focus of an aplanatic optical imaging system, which is a vectorial generalization of the scalar Debye approximation [MC03, Gu00]. The RichardsWolf modeling is widely applied for characterization of an optical incoherent and coherent imaging system with high NA [PCL+ 12, TMK08]. Corle
et al. utilizes the Richards-Wolf modeling to derive the depth response of
a confocal microscope [CK96].
The Richards-Wolf modeling is adapted by adding the reference wave
coherently. The interference intensity is integrated over the incident angles and illumination wavelengths incoherently in order to consider spatial
and temporal coherence. Results of Kirchhoff and Richards-Wolf modeling are compared with measurement results subsequently concerning the
NA effect, the interference signal formation at plateau, edge positions of
a rectangular grating and the consequent batwings. Additionally, transfer
characteristics of white light interferometer can be studied for rectangular
gratings with high AR value and inhomogeneous Fresnel reflection.

1.4. Confocal microscope and confocal
interference microscope
In addition to white light interferometry also confocal microscopy is
widely applied in surface topography measurement. Confocal microscopes
utilize two pinhole apertures and offer several advantages over conventional
brightfield optical microscopy. Firstly, scattered light occurring out of the
focal plane is eliminated or at least reduced due to the application of light
source pinhole aperture and detector pinhole aperture. This enables the
reconstruction of three-dimensional structures from images obtained at different focal positions. Secondly, an axial resolution in the nm-range can
be achieved due to the shallow depth of field. Another advantage is that

10
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the lateral resolution of confocal microscope is improved due to the small
extension of its PSF [SC77, WS84].
However, like other optical measuring devices, confocal microscopes
also suffer from systematic errors. Overshooting at rectangular edges,
similar to the batwing effect in white light interferometry, arise from
multiple interactions between the illuminating field and the surface. In
this case, the local surface slope should not exceed a given maximum
value. Unresolved features introduce spurious details in the estimated profile [AM94, AM95, CA05]. Bennett et al. [BLS+ 86] investigated a height
variation of the layer on integrated circuit comparable with the depth of
field of the confocal microscope and observed overshooting at edge positions.
Also optical aberrations of microscope lenses cause systematic errors in
confocal surface metrology. Aberration not only leads to asymmetric axial
depth response of a confocal profiler, but also changes the shape of depth
response depending on the local slope of the sample. Numerical simulation
and experimental measurements made by Rahlves et al. [RRR15] show that
these errors between the measured and the actual position of the sample
are not constant over the entire field of view depending on the type and
quantity of aberration and the local slope. These errors can be reduced by
calibration using calibration standards including spherical objects where
the local slope of the surface is known.
Another artifact when applying a confocal microscope on locally curved
surfaces is that the resulting measurement of the surface profile shows
considerable and systematic deviation from its real value. Mauch et al.
[MLGO12] studied this effect by signal modelling and experimental measurement. The deviation arises from interaction of the illuminating light
field and the measurement object. A resemblance of the local surface profile with a series of defocused wavefronts lead to a deformation of the depth
response in such a way, that its maximum position does not agree with the
focus during the depth scan, which is the reversed case if a plane surface
is measured.
Scanning white light interferometry and confocal microscopy both have
pros and cons considering their application area and measuring characteristics. Confocal microscopy is often referred to have a superior lateral
resolution because of its narrow PSF. Furthermore, confocal microscopy
possesses a discriminated depth of focus. However, the axial resolution is
highly dependent on its NA value due to the fact that the full width at
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half maximum (FWHM) of the depth response increases for a lower NA.
SWLI has usually the same PSF comparing to a conventional imaging microscope, yet its high axial resolution remains even at small NA values.
Therefore a combination of confocal microscopy and SWLI should have
the advantage of a superior lateral resolution and a high interferometric
axial resolution [HW82, Ode94, WGY+ 16].
In this work, confocal microscopy is studied by modeling and simulation at first. Experimental measurements using a commercial confocal
microscope are performed subsequently. The simulation and measurement
results are compared with regard to perpendicular and quasi-perpendicular
edges, as well as step structures with homogeneous and inhomogeneous
Fresnel reflection coefficients (e.g. SiO2 -on-Si grating). After that, an extended modelling for confocal interference microscope is illustrated. The
difference of such an interferometer to a conventional brightfield interferometer is studied concerning lateral and depth resolution by simulation
and experimental measurements.
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2. Diffraction theory and
interferometric coherence
Diffraction problems are amongst the most difficult ones encountered
in optics [BW99]. Geometrical optics is applied if the wavelength of light
is neglected (λ → 0) during the propagation, i.e. geometrical optics is an
approximation for very short wavelengths. For many optical problems this
approximation is entirely adequate, if the considered geometrical feature is
much larger than the wavelength. Taking photographs of a landscape with
a consumer camera, which is equipped with an objective with changeable
aperture from f/2.8 to f/22, a series of photographs of the same landscape
having a wide range of spatial frequencies results and each photograph is
taken at different aperture size. Assuming the focus is optimally set, the
series starts at aperture f/2.8 and ends at f/22. Generally, photographs
shot with middle apertures from e.g. f/8 to f/11 show the best image quality concerning sharpness and clarity. Photographs shot at f/2.8 are usually
“soft”, i.e. details are not clearly represented due to aberration and dispersion, while the others shot at f/22 is usually not clear, since the light waves
diffract around the iris blades as they pass through the aperture. So the
optimum in the sense of image resolution (or MTF) is somewhere in the
middle, where neither aberration and dispersion arising from geometrical
optics nor diffraction dominates.
An explanation of diffraction effects on the basis of wave theory was
not given until 1678 by Huygens. Fresnel showed that Huygens’ principle could explain both the rectilinear propagation and diffraction together
with the principle of interference in 1816. A mathematical foundation of
diffraction based on the wave equation was given by Kirchhoff’s diffraction
formula in 1882. Since then, the subject has been extensively discussed by
many researchers.
In this chapter a short review of the Kirchhoff theory is given at first.
The Fresnel and Fraunhofer approximation are derived from the Kirchhoff
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theory. After that, a numerical simulation applying the far field diffraction
under coherent and incoherent illumination of an amplitude object, an intensity modulated Siemens star, will be shown as an example.
Interference phenomena are closely related to temporal and spatial coherence. Plenty of scientific and industrial optical profilometers for topography measurement have been applied utilizing different coherence characteristics of light source under diverse measurement setups. This chapter
should also give an overview of coherence effects that can be interpreted
mathematically. At first, PSI (phase shifting interferometry) is taken as
an introduction to coherence effects, where full temporal and spatial coherence is present. Subsequently, a generalized interference formula results
if partial temporal coherence and/or spatial incoherence are assumed. In
addition, some fundamental terms such as complex degree of coherence
and mutual coherence function are explained. After that, some spatial
and temporal coherence effects in interference microscopy are shown when
diverse interferometers are described.

2.1. From Kirchhoff’s diffraction theory to
Fraunhofer diffraction
Kirchhoff utilized the basic idea of the Huygens-Fresnel principle to
calculate the light disturbance at an arbitrary point by superposition of
secondary waves originating from a surface surrounding this point. The
superposition is carried out mathematically by an integral involving the
disturbance of all points on the surrounding surface, which is a solution of
the homogeneous wave equation and its first derivatives. This section shall
give a brief derivation from Kirchhoff’s diffraction theory to Fraunhofer
diffraction and an introduction of optical resolution derived from the
Fraunhofer diffraction.
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2.1.1. Kirchhoff’s diffraction theory
At first, a brief derivation of the Kirchhoff integral theorem is given.
We assume U is the space-dependent part of a monochromatic scalar wave
satisfying the time-independent Helmholtz equation:

∇2 + k 2 U = 0,
(2.1)
where k is the wavenumber, ∇2 is the Laplacian operator.
Say G is a Green’s function also satisfying the Helmholtz equation. It
follows:
U ∇2 G − G∇2 U = 0,
(2.2)
and

exp (jkr01 )
,
(2.3)
r01
where r01 is the length of the vector ~r01 pointing from P0 to P1 , as shown
in Fig. 2.1. The Green’s function is not a real physical spherical wave,
but a mathematical auxiliary function. It can be interpreted as a “sensor”
helping to determine the optical disturbance U [Som64].
G (P1 ) =

V

P1

r01


n

n
ε

P0
S
S

Figure 2.1.: Illustration of Kirchhoff diffraction theorem.
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Consequently, by Green’s theorem,

ZZ 
ZZZ
∂G
∂U
U
−G
dS =
(U ∇2 G − G∇2 U )dV = 0,
∂n
∂n
S

(2.4)

V

where S denotes the closed surface and V is the volume bounded by the
surface S. ∂/∂n denotes the differentiation along the outward normal ~n to
S.
Green’s function has a singularity at point P0 . Green’s theorem assumes that U and G and their first and second partial derivative should
be single-valued and continuous within and on S. Therefore to exclude the
discontinuity at P0 , a small spherical surface S with radius  is inserted
around the point P0 . Green’s theorem is then applied, and the surface of
integration now becomes:
S 0 = S + S .
(2.5)
From equation 2.4, it follows:


ZZ 
ZZ 
∂U
∂G
∂U
∂G
−G
dS =
U
−G
dS,
−
U
∂n
∂n
∂n
∂n
S

(2.6)

S

where
∂G
∂G
= cos (~n, ~r01 )
∂n
∂r01


1
exp (jkr01 )
= − cos (~n, ~r01 )
− jk
.
r01
r01
,

(2.7)

For an arbitrary point P1 on S , cos (~n, ~r01 ) = −1. Substituting r01 by

ZZ 
∂G
∂U
U
−G
dS
∂n
∂n
S




Z Z  
1
exp (jk)
exp (jk) ∂U
=
U
− jk
−
dS.



∂n
S

(2.8)
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Letting  become infinitely small, note that dS = 2 dΩ, where dΩ is
an element of the solid angle, Eq. 2.8 becomes:

ZZ 
∂U
∂G
−G
U
dS
∂n
∂n
S





exp (jk) ∂U (P0 )
1
exp (jk)
2
= lim 4π U (P0 )
− jk
−
→0



∂n
=

4πU (P0 ) .

(2.9)

Applying this result in Eq. 2.6, the Kirchhoff diffraction theorem results:

ZZ 
1
∂U
∂G
U (P0 ) =
G
−U
dS.
(2.10)
4π
∂n
∂n
S

The Kirchhoff integral theorem is usually applied to consider the problem of diffraction of light by an aperture on a planar screen. Fig. 2.2
illustrates this problem schematically. A light wave from point P2 is prop-

S2
S1

( n , r01 )

 

n
 
( n , r21 )

P1

R


r01

r21

Σ

P0

P2

Figure 2.2.: Application of Kirchhoff diffraction theorem to a plane screen.
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agating through the aperture on screen S1 from the left and the wave
disturbance at point P0 on the right side of the screen is to be calculated.
According to the Kirchhoff diffraction theorem, the wave disturbance
at P0 can be considered as an integral of secondary waves that proceed
from an arbitrary surface surrounding point P0 . Select an infinitely large
closed surface, which consists of opaque surface S1 , the open aperture Σ
and the infinitely large hemisphere S2 , then apply Eq. 2.10, it follows:

ZZ 
∂U (P1 )
∂G (P1 )
1
G (P1 )
− U (P1 )
dS.
(2.11)
U (P0 ) =
4π
∂n
∂n
S1 +S2 +Σ

Under the assumptions that the field distribution U and its derivative
∂U/∂n are not affected by the presence of the screen S1 across surface Σ
and they are identically zero in the geometrical shadow of the screen S1 1 .
Furthermore, according to Sommerfeld radiation condition [Som12], the
integral over the Hemisphere S2 is equal to zero. Therefore,

ZZ 
1
∂U (P1 )
∂G (P1 )
U (P0 ) =
G (P1 )
− U (P1 )
dS,
(2.12)
4π
∂n
∂n
Σ

where,
U (P1 ) =

A exp (jkr21 )
.
r21

(2.13)

Since r01  λ and therefore k  1/r01 , Eq. 2.7 becomes


1 exp (jkr01 )
∂G (P1 )
= cos (n, r01 ) jk −
∂n
r01
r01
≈ jk cos (n, r01 )

exp (jkr01 )
.
r01

(2.14)

Similarly, assuming r21  λ, k  1/r21 results and the approximation
1

These are known as the Kirchhoff boundary conditions. Neither of these can be exactly true because
of mathematical inconsistency. However, the two boundary conditions can be used to yield results
that agree well with experiment [Goo04]. The Rayleigh-Sommerfeld diffraction formula excluded the
mathematical inconsistency by definition of alternative Green’s functions [Som64]. Yet, it does not
necessarily mean that the latter is more accurate than the former [Goo04].
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of Eq. 2.14 applies for ∂U (P1 ) /∂n. Then substituting Eq. 2.13 and Eq.
2.14 in Eq. 2.12, the Fresnel-Kirchhoff diffraction formula results:
ZZ
1
exp (jkr01 )
U (P0 ) =
U (P1 )
ψdS,
(2.15)
jλ
r01
Σ

where the obliquity factor ψ = (1 + cos θ) /2 results, if a normally incident
plane wave illumination is generated by an infinitely distant point source.
Yet, because of its simplicity the first Rayleigh-Sommerfeld solution, where
ψ = cos θ, is generally chosen for further consideration. θ is the angle
between the vectors ~n and ~r01 . Fig. 2.3 gives a schematic of diffraction
across an open aperture on a screen.

η

y

ξ

Σ
P1

θ
n


r01

P0

x

z

Figure 2.3.: Illustration of diffraction across an open aperture on a screen.

2.1.2. Fraunhofer diffraction
Eq. 2.15 can be used for further calculation applying the Fresnel and
Fraunhofer approximation. Using ψ = cos θ = z/r01 in Eq. 2.15, r01
appears both in the exponential phase term and in the amplitude term as
shown in Eq. 2.16:
ZZ
z
exp (jkr01 )
U (P1 )
dS.
(2.16)
U (P0 ) =
2
jλ
r01
Σ
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Furthermore, to make Eq. 2.16 more simple and operational for calculation, an approximation for the distance r01 is introduced:
(
"
#)
1 (x − ξ)2 + (y − η)2
r01 ≈ z 1 +
.
(2.17)
2
z2
For r01 in the amplitude term, r01 ≈ z is applied, since the error introduced by that is acceptably small. For r01 in the exponential phase
term in Eq. 2.16, r01 will be approximated as shown in Eq. 2.17, as r01 is
multiplied by a very large number k and a small error in r01 can change
the value of the exponential significantly. Eq. 2.16 therefore becomes
ZZ
1
U (P1 ) exp (jkr01 )ds
U (x, y) =
jλz
Σ
 h
i
jkz Z Z ∞
e
jk
2
2
≈
U (ξ, η) exp
(x − ξ) + (y − η)
dξdη.
jλz
2z
−∞
(2.18)
Eq. 2.18 is the Fresnel approximation and can be also presented as a
Fourier transform as shown in Eq. 2.19.
ZZ ∞ n
o
k
2π
ejkz j 2zk (x2 +y2 )
j 2z
ξ 2 +η 2 )
(
U (ξ, η) e
e−j λz (xξ+yη) dξdη
U (x, y) =
e
jλz
−∞
n
o
k
ejkz j 2zk (x2 +y2 )
j 2z
ξ 2 +η 2 )
(
=
e
· F U (ξ, η) e
jλz

(2.19)

If the point
P0 is far away from

 kthe 2 open2  aperture, so that
2
2
2
z  k ξ + η max /2 applies , then exp j 2z ξ + η
≈ 0 results. Eq.
2.19 becomes
ejkz ej 2z (x
U (x, y) =
jλz
k

2

+y 2 )

n

o
· F U (ξ, η) ,

(2.20)

which is the Fraunhofer approximation of the Kirchhoff diffraction theorem. The wave disturbance is the two-dimensional Fourier transform of
2

Actually, Fraunhofer diffraction patterns can be observed at distances much closer than this equation
implies [Goo04].
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the complex wave distribution on the aperture plane.
Fig. 2.4 gives a schematic representation of diffraction patterns of a
circular aperture at different distances. In the Fresnel zone, or equivalently
in the near field of the aperture, a clear intensity fluctuation can be observed, while in the Fraunhofer zone, or equivalently in the far field of the
aperture, the intensity pattern becomes the well-known Airy disc, which
does not change its shape if the distance increases further3 . Between the
Fresnel and Fraunhofer zone the transition zone is located.

Σ

Fresnel
zone

Transition
zone

Fraunhofer
zone

z

Figure 2.4.: Illustration of diffraction pattern of a circular aperture at different distances.

The most common and important components of optical imaging systems are lenses. One of the most remarkable and useful properties of a
converging lens is its inherent ability to achieve two-dimensional Fourier
transforms. Assuming P (ξ, η) is the pupil function which indicates the
finite extent of a thin lens and therefore can be defined by
(
1 inside the lens aperture
P (ξ, η) =
(2.21)
0 elsewhere,
the field distribution right after the lens becomes
Ul0 (ξ, η) = Ul (ξ, η)P (ξ, η)tl (ξ, η) ,

(2.22)

where Ul (ξ, η) is the field distribution in front of the lens. tl is the phase
3

Yet the radius of Airy disc grows proportional to the distance.
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transformation of a thin lens and




k 2
2
tl (ξ, η) = exp −j
ξ +η
.
2z

(2.23)

A thin lens shall be considered here, i.e. a ray exits at approximately
the same coordinates on the lens face as it enters on the opposite face.
Therefore, no lateral translation of rays takes place inside the lens and
only phase delays proportional to the thickness of the lens at each coordinate are considered.
Assuming the field distribution is homogeneous and Ul (ξ, η) = A,
replace U (ξ, η) with Ul0 (ξ, η) and apply Eq. 2.22 in Eq. 2.19, subsequently, the coherent amplitude point spread function PSFCoh (x, y) of an
aberration-free optical system after eliminating quadratic phase factors4 is


ZZ ∞
2π
A
P (ξ, η) exp −j
(xξ + yη) dξdη, (2.24)
PSFCoh (x, y) =
λzi
λzi
−∞
where A is an arbitrary amplitude and zi represents the distance of the
pupil plane to the image plane. The field distribution at the focus plane of
a circular converging lens is because of its phase transformation property
as shown in Eq. 2.23 inherently the two-dimensional Fourier transform of
the pupil function of the lens.
The amplitude transfer function H is defined as the Fourier transform
of the space-invariant point spread function. Thus,




ZZ ∞
A
2π
H(fx , fy ) = F
P (ξ, η) exp −j
(xξ + yη) dξdη
λzi
λz
i
−∞
= (Aλzi ) P (−λzi fx , −λzi fy ) ,

(2.25)

where fx and fy are the spatial frequencies in x and y direction in the
image plane and
x
y
;
fy =
.
(2.26)
λzi
λzi
For convenience the constant (Aλzi ) is dropped and the minus signs
fx =

4

Tichenor and Goodman have examined the conditions under which the phase factors can be dropped
and found that the size of object should be not greater than about one fourth the size of the lens
aperture [TG72].
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are ignored because of the symmetry of pupil function. Therefore,
H(fx , fy ) = P (λzi fx , λzi fy ) .

(2.27)

In case of diffraction-limited coherent imaging systems with circular
pupils having a diameter of 2a, the corresponding pupil function and amplitude transfer function are
!
p
2
2
ξ +η
,
(2.28)
P (ξ, η) = circ
a
q

H(fx , fy ) = circ 

fx2

+

f0



fy2


.

(2.29)

where f0 is the cutoff frequency and f0 = NA/λ. NA is the numerical
aperture of the imaging system.
For incoherent imaging systems, where the object illumination is spatially incoherent, the OTF should be calculated with regard to the intensity
instead of the amplitude. Without derivation5 , the OTF is the normalized
autocorrelation function of the amplitude transfer function.
An incoherent imaging system having circular pupils has a circularly
symmetric OTF, which is the autocorrelation of the amplitude transfer
function shown in Eq. 2.29
#
 "
r
 
 2

 2 arccos fr − fr 1 − fr
fr ≤ 2f0
π
2f0
2f0
2f0
OTF(fr ) =
(2.30)


0
otherweise,
whereq fr is a general radial distance in the frequency plane, i.e.
fr = fx 2 + fy 2 . f0 is again the cutoff frequency of the coherent system.
The OTF of an incoherent system extends to a frequency which is twice
the coherent cutoff frequency.
Fig. 2.5 and 2.6 display the ideal imaging results of a Siemens star
using an incoherent and a coherent imaging system, both of which are
assumed aberration-free.
5

A detailed derivation is given at [Goo04].
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Figure 2.5.: PSF and OTF of an incoherent aberration-free imaging system
and their impact on a Siemens star.
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The simulation clearly illustrates the transfer characteristics of both
imaging systems. Fig. 2.5a and 2.5b show the incoherent PSF and OTF
respectively. The aberration-free incoherent imaging system taken as an
example here has a NA of 0.55 and an illumination wavelength of 0.6 µm.
In Fig. 2.5c an intensity modulated quadratic Siemens star having a width
of 80 µm is shown. The Siemens star is characterized by an increasing spatial frequency from the outer border towards the center. The image result
is given in Fig. 2.5d, where a lower contrast especially in the middle of
the Siemens star because of higher spatial frequency is seen. This low pass
behavior can be seen more obviously in Fig. 2.5e, where a crosssection is
made close to the center of the Siemens star. The modulation vanishes in
the middle of the Figure. Fig. 2.6 shows the PSF and the OTF of a coherent aberration-free imaging system having the same NA and illumination
wavelength and their impact on a Siemens star. Comparing to incoherent
imaging, the OTF shows full amplitude transfer until the cutoff frequency
is reached. The resolution breaks down abruptly as can be seen in the
image intensity. Furthermore, the “ringing effect” [Con66] is visible in both
Fig. 2.6d and 2.6e.

2.1.3. Optical resolution
From Eq. 2.24 in Sect. 2.1.2, the point spread function can be analytically calculated by Fourier transform of the pupil function. In case of circular pupils, by eliminating the constant factor, the incoherent PSFInc (x, y)
can be formulated as following:
2

J1 (kρNA)
,
(2.31)
PSFInc (x, y) =
kρNA
p
(x2 + y 2 ). J1 is the Bessel function of the first kind and
where ρ =
order one, which solves the Bessel’s differential equation. Eq. 2.31 is well
suitable for optical systems with small or medium NA values. In case of
high NA and unpolarized illumination, Eq. 2.31 is still sufficient to be
applied. However, a vectorized calculation of PSF must be undertaken, if
polarization is taken into account [RW59]. In this chapter, no polarization
is considered and therefore Eq. 2.31 is used for further study.
A one dimensional sketch of the PSF is displayed in Fig. 2.7, where
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Figure 2.7.: One dimensional PSF for NA = 0.55 and λ0 = 0.6 µm.
NA = 0.55 and λ0 = 0.6 µm. The Bessel function can be numerically
calculated [Du 90, AS64]. If the argument of J1 is 3.83, J1 = 0. Therefore,
PSF has the first zero position, if
ρ=

3.83
λ0
= 0.61
.
kNA
NA

(2.32)

The PSF of an aberration-free optical system is also known as the Airy pattern, or Airy disc. Consequently, the imaging system’s resolution is limited
by diffraction causing blurring of the image. The resolution of an optical
imaging system is defined as the shortest distance between two points on a
specimen that can still be distinguished by the observer or camera system.
The term “distinguishability” can be differently interpreted according to
diverse resolution criteria. The shortest distinguishable distance δρ can be
formulated by Eq. 2.33,
λ0
δρ = κρ
,
(2.33)
NA
where κρ is the parameter for aberration-free imaging varying in the various criteria from 0.47 to 1.22.
Fig. 2.8 shows various conventional resolution limits and their definitions. The blue and green curves represent two single Airy patterns near
to each other, while the red curve displays the sum of both pattern. One
of the widely accepted criterion in microscopy for determining the diffraction limit to resolution is the Rayleigh criterion (see Fig. 2.8a), where two
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images are just resolvable when the center of the diffraction pattern of one
coincides with the first minimum of the diffraction pattern on the other.
Consequently, κρ = 0.61 results. In case of the total resolution, as shown
in Fig. 2.8b, the first zero of one diffraction pattern overlaps the one of
the other pattern and results in κρ = 1.22. The Sparrow resolution is illustrated in Fig. 2.8c, where only one local maximum results in the sum of the
two Airy patterns. The Abbe resolution arises from the theory of Abbe in
1873 indicating that a monochromatically illuminated diffraction grating
is resolved, if at least two diffraction orders (usually the zeroth and the
first) are captured by the objective. Consequently, κρ = 0.5 results in case
of oblique incidence of the illuminating wave. While the Sparrow is often
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Figure 2.8.: Various conventional resolution limits and their definitions
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used in astronomy, the Rayleigh and Abbe criterion are more conventional
in microscopy.
Additionally, Fig. 2.9 shows a two- and three-dimensional graphical representation of Airy patterns and the limits of resolution, assuming
NA = 0.55 and λ0 = 0.6 µm. In the left image markings 1-5 stand for total,
Abbe, Sparrow, Rayleigh resolution and a single Airy pattern, respectively.
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Figure 2.9.: Graphical representation of Airy patterns and the limits of
resolution.

2.2. Temporal and spatial coherence effects in
interference microscopy
Interference microscopy is widely applied in precise 3D measurement
such as determination of contour, topography and roughness on microscopic surface areas by utilizing interference and evaluating phase modulation caused by height changes of phase objects. In this chapter phase
shifting interferometry (PSI) is introduced at first. PSI is based on full
temporal and spatial coherence. After that, theory of interference of two
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partially coherent beams with regard to the mutual coherence function
and the complex degree of coherence is reviewed. Subsequently, temporal and spatial coherence are introduced, where in the latter case lateral
and longitudinal spatial coherence are illustrated separately. Finally some
applications with regard to temporal and spatial coherence effects in interference microscopy are shown. At first two different interferometers
utilizing high and low temporal coherence effects are introduced. After
that, a Linnik interferometer with high lateral resolution is presented in
detail, as the modeling and simulation in this work are based on such an
interferometer, where both temporal and spatial coherence take an effect
on the measurement results.

2.2.1. Phase shifting interferometry: full temporal and
spatial coherence
Phase Shifting Interferometry is a well-established technique that relies
on interference data acquired during a controlled phase shift. The intensity modulation is registered by an electronic camera and can be further
analyzed to evaluate the topography of the phase object. PSI was firstly
employed in the 1960s and became popular until the 1980s after CCDs

Reference
mirror

PZT
Beam
splitter

Light source

Test object

Collimated beam
Detector

Figure 2.10.: Sketch of a phase shifting interferometer.
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and computers became available for most researchers. Fig. 2.10 gives a
sketch of a phase shifting interferometer. A reference mirror is translated
by a piezoelectric transducer (PZT) so that the measured intensity values
are taken at equidistant reference mirror positions. The phase can then be
evaluated and therefore the topography data can be obtained by a simple
relation to phase.
The object and reference wave can be described as follows,
~o = E
~ o1 ej(ωt−kr+ϕ1 ) ,
E

(2.34)

~r = E
~ r1 ej(ωt−kr+ϕ2 ) ,
E

(2.35)

with r being the equal part of optical path length in object and reference
arm. The resulting amplitude of the superimposed wave will be


jϕ1
jϕ2
~
~
~
~
~
~ 0 ej(ωt−kr) ,
E = Eo + Er = Eo1 e + Er1 e
ej (ωt−kr) = E
(2.36)
and consequently,
2
2
~0 · E
~ 0∗ = E
~ o1
~ r1
~ o1 · E
~ r1 cos(ϕ2 − ϕ1 ).
E
+E
+ 2E

(2.37)

~ o1 k E
~ r1
Therefore, the interference intensity under the assumption E
can be calculated as follows
1 ~
~?
E0 · E
0
2Z
p
= I1 + I2 + 2 I1 I2 cos(ϕ2 − ϕ1 ),

I=

1 ~
E0
2Z

2

=

(2.38)

where Z is the wave impedance and ? denotes the complex conjugate.
I1 and I2 are intensity of the object and reference beam respectively.
∆ϕ = ϕ2 − ϕ1 is the phase difference corresponding to an optical path difference (OPD) between the two plane waves: OPD = λ∆ϕ/2π. Because of
the reflection at the object and the reference mirror, the geometrical height
h is half of the OPD. Therefore,
h=

λ∆ϕ
.
4π

(2.39)
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So, the problem of the topography evaluation would be the determination of the phase value ∆ϕ. The most popular algorithm to obtain the
phase is the commonly called four-step algorithm [Cre88, GB92]. The reference mirror is actuated by a PZT at equidistant steps of λ/8 along the
optic axis, which leads to an additional phase shift of π/2 between the
object and reference beam.
p
(2.40)
II (x, y) = IDC (x, y) + 2 I1 I2 cos(∆ϕ(x, y)),
p
I1 I2 cos(∆ϕ(x, y) + 90◦ )
p
= IDC (x, y) − 2 I1 I2 sin(∆ϕ(x, y)),

III (x, y) = IDC (x, y) + 2

p
IIII (x, y) = IDC (x, y) + 2 I1 I2 cos(∆ϕ(x, y) + 180◦ )
p
= IDC (x, y) − 2 I1 I2 cos(∆ϕ(x, y)),
p
I1 I2 cos(∆ϕ(x, y) + 270◦ )
p
= IDC (x, y) + 2 I1 I2 sin(∆ϕ(x, y)),

(2.41)

(2.42)

IIV (x, y) = IDC (x, y) + 2

where IDC is the offset intensity and IDC = I1 + I2 .
The phase values ∆ϕ(x, y) can be calculated by


IIV (x, y) − III (x, y)
∆ϕ(x, y) = arctan
.
II (x, y) − IIII (x, y)

(2.43)

(2.44)

Consequently, the corresponding height on the test sample is determined by h(x, y) = λ∆ϕ(x, y)/(4π) assuming hmax < ±λ/4, otherwise the
problem of 2π ambiguity occurs [Che85, SSL15]. Other basic algorithms
for phase measurement are e.g. three-step algorithm, Hariharan algorithem
and Carré algorithm [Wiz90,HOE87,SBE+ 83,Car66]. Besides these phasestepping techniques also an integrating-bucket technique is usually referred,
which integrates the intensity while the phase is being shifted and the phase
shift per exposure is between 0 and π [Cre88, SB06]. The former can be
regarded as a special case of the latter one having a integrating time of
zero. While the phase-stepping techniques have higher modulation, the
integrating-bucket techniques have the advantage of higher signal-to-noise
ratio (SNR). It is worth mentioning that one-shot phase-shifting technique
utilizing modulation of polarization for reducing the sensitivity of an optical
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test to vibration was reported, through which no movement of the reference mirror is required and only one single frame of a camera is needed to
obtain four interferograms 90 ◦ phase-apart [RZMFTA+ 08].
PSI is widely employed and has a lot of advantages, especially high
measurement accuracy and a resolution of less than 1 nm, depending on the
used wavelength, the inherent characteristic of the PZT such as nonlinearities and the measurement surrounding environment concerning vibration.
Other advantages are e.g. rapid measurement, good results with low contrast fringes, etc. Representative configurations employing the PSI principle are e.g. Twyman-Green-interferometer, Mach-Zehnder-interferometer
and Fizeau-interferometer [Mal06]. However, PSI suffers from the phase
ambiguity problems mentioned above that limit the height difference between two adjacent detector pixels. Since the phase distribution across the
interferogram results in a value between −π and π, the 2π ambiguity exists, i.e. the difference of OPD between any adjacent pixels should smaller
than λ/2 and therefore, no steps higher than λ/4 are tolerated.
To extend the ambiguity range two-wavelengths can be employed, since
the synthetic wavelength is longer than any of the two physical wavelengths [Che85,CW85,Cre87]. The synthetic wavelength will become larger
if two wavelengths close to each other are chosen.

2.2.2. General interference law
So far PSI has been discussed. The long coherence length of monochromatic light makes it easy to obtain interference fringes and the path lengths
of the object and reference beam no longer have to be matched. PSI generally utilizes full temporal coherence of monochromatic light and full spatial
coherence. Eq. 2.38 gives the formula of interference under the condition
that infinite temporal and spatial coherence are present, which can be
achieved by monochromatic and collimated wave illumination. For a more
general case, where polychromatic light comes from an extended source, interference should be calculated differently than in Eq. 2.38. As illustrated
in Fig. 2.11, an opaque screen S1 is placed across the field with pinholes
P1 and P2 , which are for simplicity considered as two points and may be
regarded as centers of secondary disturbances. A part of the light from
source S0 propagates through P1 and P2 and interferes at point P0 .
The wave disturbance at P1 and P2 can be described by a complex
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Figure 2.11.: Geometry for studying interference of polychromatic light
from an extended source.
representation of the real polychromatic field
Z ∞
U (t) =
a(ν)ej[φ(ν)−2πνt] dν,

(2.45)

0

where a(ν) and φ(ν) are the complex amplitude and the phase at each
frequency ν respectively.
The mutual coherence of the light vibration at P1 and P2 is defined as
the cross-correlation
Γ12 (τ ) = hU1 (t + τ )U2? (t)iT ,
where the angle brackets denote the time average,
Z
1 t+T
U (t0 )dt0 .
hU (t)iT =
T t

(2.46)

(2.47)

The general interference law for stationary optical fields may be written
in the form [BW99]
p
I = I1 + I2 + 2<(γ12 (τ )) I1 I2 ,
(2.48)
where < denotes the real part of a complex variable. τ = (r20 − r10 )/c is
the time difference for light to travel from P1 and P2 to P0 . The intensity
I1 equals the self-coherence of the light vibration at P1 , when τ = 0:
I1 = Γ11 (0) = hU1 (t)U1? (t)iT .

(2.49)
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In a similar way, I2 = Γ22 (0).
The complex degree of coherence of the light vibrations is defined as
the normalized mutual coherence function Γ12 (τ )
Γ12 (τ )
Γ12 (τ )
p
=√ √ .
I1 I2
Γ11 (0) Γ22 (0)

γ12 (τ ) = p

(2.50)

According to Schwarz inequality [MM09], for the limit T → ∞, it
follows that
|Γ12 (τ )|2 ≤ Γ11 (0)Γ22 (0).
(2.51)

Therefore, |γ12 (τ )| ≤ 1. Additionally, γ12 (τ ) can be written in polar
form
γ12 (τ ) = |γ12 (τ )| ejΦ12 (τ ) ,

(2.52)

where Φ12 (τ ) is the argument of the complex degree of coherence.
No matter what value |γ12 | takes, the interference intensity can also be
expressed in the following way
h
i
p p
I = |γ12 (τ )| I1 + I2 + 2 I1 I2 cos(Φ12 (τ ))
|
{z
}
coherent superposition

+ [1 − |γ12 (τ )|] (I1 + I2 ) .
|
{z
}

(2.53)

incoherent superposition

The first part may be considered to arise from coherent superposition of
two waves, whose intensities are |γ12 (τ )| I1 and |γ12 (τ )| I2 . The second part
is from incoherent superposition of two waves of intensities [1 − |γ12 (τ )|] I1
and [1 − |γ12 (τ )|] I2 . If |γ12 (τ )| has the extreme value of unity, the interference intensity is given by Eq. 2.38, which would result from Eq. 2.53
if monochromatic light interferes and the field disturbance at P1 and P2
is coherent. On the other hand, if |γ12 (τ )| takes the value of zero, the coherent superposition is zero and only the incoherent superposition is left,
which is the sum of intensities I1 and I2 . In this case, the field disturbance
at P1 and P2 is incoherent and therefore no interference occurs. If |γ12 (τ )|
is between 0 and 1, the disturbance is said to be partially coherent.
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In Eq. 2.48 the real part of the complex degree of coherence is required,
< {Γ12 (τ )}
p
Γ11 (0) Γ22 (0)

<(γ12 (τ )) = p

< {hU (P1 , t + τ )U ? (P2 , t)iT }
p
. (2.54)
hU (P1 , t)U ? (P1 , t)iT hU (P2 , t)U ? (P2 , t)iT

= p

Substituting Eq. 2.52 in Eq. 2.48 results in
p
I = I1 + I2 + 2 I1 I2 |γ12 (τ )| cos(Φ12 (τ )),
therefore, the intensity maximum and minimum are given by
p
Imax = I1 + I2 + 2 I1 I2 |γ12 (τ )| ,
p
Imin = I1 + I2 − 2 I1 I2 |γ12 (τ )| .
The visibility of the fringes is defined as
√ √
Imax − Imin
2 I1 I2
=
|γ12 (τ )| .
V(τ ) =
Imax + Imin
I1 + I2

(2.55)

(2.56)
(2.57)

(2.58)

If I1 = I2 , which is often the case, it follows
V(τ ) = |γ12 (τ )| ,

(2.59)

i.e., the fringe visibility is equal to the absolute value of the complex degree
of coherence.

2.2.3. Partial temporal coherence
In Eq. 2.54, if P1 = P2 , the optical signals at P1 and P2 are the same,
i.e. Γ12 (τ ) = Γ11 (τ ) and γ12 (τ ) = γ11 (τ ). γ11 (τ ) is sometimes referred to
as the complex degree of temporal coherence to a considered point within
a time difference of τ . According to the Wiener-Khintchine theorem, the
autocorrelation function of a wide-sense-stationary random process (which
is the case at quasi-monochromatic illumination) can be expressed as the
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inverse Fourier transform of the spectral density function S(ν).
Z +∞
γ11 (τ ) =
S(ν)ej2πντ dν.
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(2.60)

−∞

In case of a Gaussian spectral density function
"
#
2
(ν − ν0 )
1
exp −
S(ν) = √
,
∆ν 2
π∆ν

(2.61)

where ν is the light frequency, ν0 is the center frequency and ∆ν is the
frequency bandwidth. S(ν) can be plotted as shown in Fig. 2.12. The
center frequency is 5·1014 Hz, corresponding a center wavelength at 0.6 µm.
The frequency bandwidth is defined as the frequency deviation from the
center frequency ν0 , where the intensity drops to S(ν) · e−1 . According to
Eq. 2.61, the Gaussian spectral density function is normalized, i.e.
Z +∞
S(ν)dν = 1.
(2.62)

Normalized spectral function S(ν)

−∞

1.5

·10−14
S(ν0 )

1
S(ν0 )e−1

0.5
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∆ν
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5.5
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14

·10

Figure 2.12.: Gaussian spectral density function in dependence of frequency.
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According to Eq. 2.60,
Z

+∞

γ11 (τ ) =

S(ν)ej2πντ dν

−∞

= e−π

2 2

τ ∆ν 2 −j2πν0 τ

e

,

(2.63)
√
= I1 +I2 and I0 = 2 I1 I2 ,

applying the real part in Eq. 2.48, assuming IDC
it follows
2 2
2
I = IDC + I0 e−π τ ∆ν cos(2πν0 τ ).

(2.64)

In the case of an interferometer where the light beam is reflected at
the reference mirror and the measurement object,
τ=

2δz
,
c

(2.65)

and 2δz is the OPD between the object and reference beam. The interference intensity I consists of an offset IDC and an alternating cosine component with a Gaussian envelope. According to the definition of coherence
length the alternating component should drop from its maximum I0 where
δz = 0 to I0 e−1 when the OPD is equal to the temporal coherence length
lc , if only temporal coherence is considered. Therefore, applying Eq. 2.64,
it follows
π 2 τ 2 ∆ν 2 |δz = lc = 1.
(2.66)
2

Consequently,

c
.
(2.67)
π∆ν
Assuming δz = h(x, y) + ∆z with h(x, y) being the three-dimensional
height profile and ∆z the depth scan position and applying Eq. 2.67, Eq.
2.64 becomes
(
)
n 
o
4 [h(x, y) + ∆z]2
I(x, y) = IDC + I0 exp −
cos 2k0 h(x, y) + ∆z .
lc2
(2.68)
In practice, the temporal coherence length lc can be measured by use
of a Michelson interferometer. Before interference takes place, a wave is
split in to a reference and object wave. The measurement object in this
case is also a plane mirror. After reflection the two components are phaselc =
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Normalized intensity (-)

shifted by 2πν0 τ due to an variable OPD during the depth scan. Since
the coherence time, which is the coherence length divided by the speed of
light, is usually much smaller than the time resolution of any detector, a
time averaging is inherently done by detector. The measured interference
intensity during a depth scan can be analyzed to evaluate the temporal
coherence length. Fig. 2.13 gives a graphical illustration of the changing
part of the interference intensity which is relevant to later evaluation.
Temporal coherence is one of the significant effects considered in this
work and will be further studied in Chap. 3.
1
0.5
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e
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Figure 2.13.: Interference intensity of limited temporal coherence assuming
a Gaussian spectral distribution.

2.2.4. Spatial coherence
Besides temporal coherence also spatial coherence plays an important,
sometimes dominant roll in optical coherence based topography measurement. Taking Young’s double-slit experiment for example, in the case of an
extended light source the spatial coherence effects determine the magnitude
of the envelope of the interference correlogram. Fig. 2.14 gives a schematic
illustration of the van Cittert-Zernike theorem concerning spatial coherence. The coherence of the light disturbance at P1 and P2 is closely related
not only to the distance between themselves and to the light source, but
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also to the size and the intensity distribution of the quasi-monochromatic
incoherent source.

y
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ξ
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Figure 2.14.: Illustration of spatial coherence.

It is assumed that the medium between the source and the screen is
homogeneous and the dimension of the source is small compared to the
distance O0 O between the source and the screen and therefore the angles
between O0 O and P0 P1 or P0 P2 are small. The complex degree of coherence γ12 (τ = 0), sometimes also referred to as the complex degree of spatial
coherence, can then be formulated by
ZZ
1
ejk(r01 −r02 )
γ12 (0) = √ √
I(P0 )
dS.
(2.69)
r01 r02
I1 I2
Σ

Eq. 2.69 is similar to Eq. 2.16, which calculates the complex disturbance of the diffraction pattern based on the Huygens-Fresnel principle.
More precisely, the equal-time (τ = 0) complex degree of spatial coherence
describing the coherence of disturbance between one point P2 and another
in its neighborhood, say P1 , can be interpreted as the normalized complex
amplitude of P1 in the diffraction pattern centered at P2 obtained by considering the source Σ as a diffracting aperture of the same size and shape,
having an amplitude distribution over the aperture proportional to the intensity across the source.
From the geometrical relationship, it follows
p
(2.70)
r01 = (x1 − ξ)2 + (y1 − η)2 + O0 O2 .
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Developing Eq. 2.70 into a Taylor series [Gre88], retaining the firstorder term, and repeating this to r02 , Eq. 2.69 becomes
RR
ejψ
I(ξ, η)e−jk(pξ+qη) dξdη
Σ
RR
γ12 (0) =
,
(2.71)
I(ξ, η)dξdη
Σ

where
x1 − x2
y1 − y2
,
q
=
,
O0O
O0O


k (x21 + y12 ) − (x22 + y22 )
≈ k(O0 P1 − O0 P2 ).
ψ=
0
2O O
p=

(2.72)
(2.73)

Eq. 2.71 is referred to as the Van Cittert-Zernike theorem [BW99],
which states that the complex degree of spatial coherence γ12 (0) is equal
to the normalized Fourier transform of the intensity function of the source.
The phase term in front of the integration can be neglected when
0
O P1 − O0 P2  λ, which is usually satisfied, if |γ12 (0)|  0. For a uniform circular source of radius R, it follows from Eq. 2.71
γ12 (0) =

2J1 (v) jψ
e ,
v

(2.74)

where
v = kR

p

p2

+

q2

kR p
P1 P2
= 0
(x1 − x2 )2 + (y1 − y2 )2 = kR 0 .
OO
OO

(2.75)

J1 is again the Bessel function of the first kind and first order.
|2J1 (v)/v| decreases from unity at v = 0 to zero at v = 3.83. Therefore,
complete incoherence between P1 and P2 is reached if
P1 P2 = 0.61λ

O0O
λ
= 0.61 .
R
θ

(2.76)

where θ = R/O0 O, if the source size is much smaller than the distance
between the source and observation screen.
Eq. 2.76 can be used to calculate the size of the area of coherence
around an arbitrary point or conversely to define the size of the source,
if a minimum spatial coherence should be guaranteed in a area of given
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size. The Michelson stellar interferometer was developed using the concept
of spatial coherence for determining the angular diameter of stars [MP21].
Michelson used two movable mirrors having a large value of distance instead of a lens of such a large diameter. P1 P2 in Eq. 2.76 and can be
experimentally measured. Therefore, if the distance to a star is known, the
size of the star can be calculated.
Abdulhalim [Abd12] reviewed spatial and temporal coherence effects
in interference microscopy and gave some practical formulation of these effects. Other authors studied the generalization of the Van-Cittert-Zernike
theorem to the three-dimensional case [RY96, PHDT09]. For a better understanding of spatial coherence effects in interference microscopy, longitudinal and lateral spatial coherence are introduced.
To interpret longitudinal spatial coherence in contrast to temporal coherence, a harmonic wave propagation along ~r can be considered:
~ t) = exp(j2πνt − j~k · ~r). If the wave contains only one spatial freE(r,
quency, i.e., the wave is collimated, so at certain position, say r = 0,
the total wave function is given
R ∞ by superposition of all temporal frequencies available in the wave: −∞ S(ν) exp(j2πνt)dν, which is the same as
Eq. 2.60. Consequently, the temporal coherence function is given by the
Fourier transform of the spectral density function. Analogously, if the
wave contains only one temporal frequency, but has a collection of spatial
R ∞ frequencies, the wave function at time t = 0 is given by a integral:
~
~ r)d~k. Therefore, the correlation between two points sep−∞ S(k) exp(j k · ~
arated by a distance of δz on the optical axis (z-axis) should be the longitudinal coherence function
Z ∞
γ12,long (δz ) =
S(kz ) exp(j2kz δz )dkz ,
(2.77)
−∞

which differs from lateral coherence by the fact that only one point is considered in the observation plane with an axial distance of δz , while in the
latter case two points of a lateral separation are concerned. kz is the zcomponent of the spatial frequency vector ~k.
Fig. 2.15 shows a schematic representation of longitudinal and lateral coherence. Longitudinal coherence takes effect when a depth scan is
performed with a non-collimated beam, where the longitudinal coherence
region is determined by the focus depth of the objective. The lateral coherence is related to the source size which is imaged in the pupil plane in
Fig. 2.15 and gives rise to different illumination angles on the measurement
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Figure 2.15.: Illustration of longitudinal and lateral spatial coherence.

object. Each point in the sample field interferes with its conjugate point
in the reference field within the Airy disc of the objective lens as given in
Eq. 2.76.
Abdulhalim gave an explicit formulation of the interference correlogram when longitudinal coherence is present [Abd12]







2 θmax
2 θmax
I(δz ) = IDC + I0 sinc 2kδz sin
cos 2kδz cos
+ ϕ0 ,
2
2
(2.78)
where ϕ0 is a constant phase introduced to account for any path length
differences between reference and object arm due to the differences in the
objectives, misalignment, material properties or beam splitter phase additions. The result according to Eq. 2.78 without offset intensity is graphically illustrated in Fig. 2.16, where NA = 0.55, λ = 0.6 µm. The interferogram is a cosine function modulated by a sinc function resulting from
the interference due to the height modulation. The sinc-shaped envelope
of the interferogram is also named as focal gating [SA12], which represents
the depth response of a microscope objective and has a FWHM given by
Eq. 2.79.
0.301λ
.
(2.79)
δz,FWHM ≈
sin2 (θmax /2)
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Figure 2.16.: Illustration of the focal gating of an interference signal due to
longitudinal spatial coherence.

2.2.5. Coherence aspects of different interferometers
Temporal coherence tells us how well a wave can interfere with itself at
a different time and indicates how monochromatic a source is. A monochromatic collimated beam, as usually employed in PSI, has infinite temporal
coherence, while polychromatic illumination has finite temporal coherence,
like in the case of a WLI. Spatial coherence (or lateral coherence) describes
the ability for two points in space in the extent of a wave to interfere. Longitudinal coherence is a 3D extension of spatial coherence, where only one
point is considered in the observation plane with an axial distance. Longitudinal coherence should be, as in case of a high-resolution-WLI, taken
into account due to a limited focus depth of microscopic objectives with
high NA. Lateral spatial coherence is related to the size and the intensity distribution of the light source. Both, temporal and spatial coherence
gating affect the interference correlogram independently. Which kind of
coherence gating is dominant, depends on the coherence property with regard to the illumination spectrum and the NA value of the corresponding
instrument. Additionally, the NA effect due to longitudinal spatial coherence becomes obvious, if the microscope objective possesses a middle or
high NA value. As the NA increases, the fringe spacing in the interference
correlogram increases. Consequently, the wavelength applied in evaluation
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should be calibrated resulting in an effective wavelength [IJ58,Gat56,SL95].
In the following different interferometers of various coherence properties
are introduced, including a fibre-coupled common-path interferometer of
high temporal coherence, an area measuring Michelson interferometer of
low temporal coherence and a high-resolution Linnik interferometer, where
both temporal and spatial coherence effects take place.
High coherence: fibre-coupled common-path interferometer
At first, a fibre-coupled common-path interferometer utilizing high
temporal and spatial coherence is introduced [SL13, Sch15]. This pointwise measuring interferometer uses a coherent laser diode, which has a
high temporal coherence length. Because of its confocal structure resulting from the single-mode fiber, also high spatial coherence is present. Fig.
2.17a gives a sketch of the experimental setup. The interferometer utilizes
a miniaturized sensor head, as shown in Fig. 2.17b.

Single-mode
fiber

Laser diode
Photo diode
Y-coupler

Bending beam
Piezo crystal

GRIN-lens 1

Manual
positioning stage

Probe head
Measuring
object

(a) Sketch of a fibre-coupled common-path interferometer.

Reference
plane
GRIN-lens 2

(b) Focusing probe with two
GRIN lenses.

Figure 2.17.: Illustration of a fibre-coupled common-path interferometer
[Sch15].
During a measurement a bending beam oscillates driven by piezo crystal. An intensity modulation takes place due to phase modulation arising
from the optical path change during the oscillation. The interference signal is directed by a single-mode fiber to a photo diode. In the probe head
part of the light is transmitted through the reference plane and the rest
is reflected back. The transmitted light is focused by a GRIN lens to the

46

CHAPTER 2. DIFFRACTION THEORY AND INTERFEROMETRIC COHERENCE

measuring sample. This interferometer is easy to calibrate and to align.
The interference signal modulation can be mathematically described
by


4π
{ẑ sin (2πf0 t) + h(t)} ,
(2.80)
I(t) = I0 cos
λ
where ẑ and f0 are the amplitude and the oscillating frequency of the piezo
driven bending beam. h(t) is the height change of the measurement object
during the line scan. The signal processing is performed using discrete
Fourier transform (DFT). At first, the equation of interference signal is
linearized by replacing the sine function by its argument. The frequency
of the new cosine can be easily determined. The next step is to calculate
the DFT for this frequency. Subsequently the phase at this frequency is
determined using the arctangent function and finally the phase value is
converted to a height value.
Since the signal processing is not complicate and the evaluation does
not take a lot of computation steps, this interferometer setup can achieve
a high measurement speed and a height resolution in the nanometer range.
This fibre-coupled common-path interferometer utilizes the high temporal coherence of the laser diode. Because of the high coherence length,
interference signals can be obtained even at high OPD between the object
and reference arm. However, due to the high coherence length multiplebeam interference occurs and must be considered for evaluation [Sch15].
Low coherence: area measuring Michelson interferometer
In case of employing a short temporal coherent light source, an area
measuring Michelson interferometer with dispersion correction is introduced, which is schematically sketched in Fig. 2.18. To achieve high axial
resolution, a green LED with short coherence length of 2.5 µm and a center
wavelength of 530 nm is used. The Michelson setup has the advantage of
compact and robust arrangement, so that complex adjustment is avoidable.
The 5x microscope objective (NA = 0.14) is not corrected for the inserted
beam splitter.
Because of the polychromatic light source and the additional beam
splitter, dispersion effects occur, which lead to systematical measuring errors. Furthermore, the beam splitter leads to aberration as well. In order
to minimize these effects, additional lenses are used. One plano-convex
and two plano-concave lenses were chosen for wavefront adaption. The
curvature of the lenses are adapted so that the lens surface agrees with the
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Figure 2.18.: Schematic sketch of an area measuring Michelson interferometer [LKX14].
shape of the wavefront at this position. Accordingly refraction at the beam
splitter cube and therefore dispersion can be reduced.
Two different evaluation procedures are usually applied in white light
interferometry. One of these is the coherence peak evaluation, also called
envelope evaluation. Here, the position of envelope maximum will be found
to calculate the height value of measurement object. From this height value
the fringe order is determined for further phase evaluation. The phase of
the interference signal with respect to a synthetic reference signal can be
calculated using DFT. After that the height value is determined using the
fringe order and the additional phase information. Usually a nanometer
resolution in the axial direction can be achieved via phase evaluation.
This experimental setup is studied as part of the work for the purpose
of reduction of chromatic aberration influences in vertical scanning white
light interferometry and will be continued in the coming chapter. Also the
signal processing strategy will be introduced in more details later. Because
of the small NA value, the NA effect is ignorable, i.e., the fringe spacing of
the interference correlogram is approximately equal to one half of the center wavelength of the illumination and therefore no wavelength calibration
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for phase evaluation is required. Meanwhile, a rather large depth of focus
occurs due to the small NA value. Consequently, a focal gating resulted
by the longitudinal spatial coherence is less significant and on the contrary
the temporal coherence gating is dominant.
Temporal and spatial coherence: high-resolution Linnik interferometer
A high-resolution Linnik interferometer as shown in 2.19 is introduced,
where both temporal and spatial coherence effects take place. A blue LED
MO 1, MO 2:
Microscope objective lenses
(100x, NA = 0.9)

Beam splitter
cube

Replaceable LED
with diffuser

Tube lens 2
MO 1

CCDcamera

Reference
mirror
Tube lens 1
MO 2
Object
Piezo z-stage

Figure 2.19.: Schematic sketch of an area measuring Linnik interferometer.
with a diffuser is used to achieve low coherence and high lateral resolution.
Two 100x microscope objective lenses both with a NA of 0.9 are placed
in the sample and the reference arm. A low spatial coherence is given by
high NA objectives, since the focus depth of the objective is quite small.
A warm-white LED has usually a short coherence length with a spectrum
showing two peaks in the blue and the red range, for example, at 450 nm
and 620 nm respectively as shown in Fig. 2.20. The spectral density is
normalized so that the integration over the corresponding wavenumber is
unity. The white LED has a short coherence length due to its wide spectral
bandwidth. Compared to the white LED, a blue LED has a central wavelength of 0.45 µm and a much smaller bandwidth, which leads to a much
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Figure 2.20.: Normalized spectral density of the white light LED used.
longer temporal coherence length. However, a short coherence length of the
measured signals is still guaranteed. This is because the short longitudinal
spatial coherence length due to the high NA objective plays a dominant
roll. The blue LED has the advantage of a better lateral resolution due to
smaller wavelength.
Ignoring the offset, Fig. 2.21 shows the interference correlogram of both
the white and blue LED, which has a coherence length of approximately
1.5 µm and 2.2 µm. In spite of a rather big difference of the temporal
coherence length between the white and blue LED, the resulting coherence
lengths of these LEDs show only slight differences. This is possible since
40
Intensity (a.u.)

Intensity (a.u.)

40
20
0

−20
−40

20
0

−20

1

2
3
Depth scan (µm)
(a) White LED.

4

2

3
4
5
6
Depth scan (µm)
(b) Blue LED.

Figure 2.21.: Interferogram of white and blue LED.
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the high NA objective lenses show a rather limited depth of focus such that
the temporal coherence gating is replaced by focal gating in this particular instrument. Additionally, the NA effect results in an enlarged fringe
spacing of the interference correlogram. The phase evaluation should be
calibrated using the effective wavelength obtained from the spectrum of
the correlogram.
An improvement of lateral resolution using blue LED can be proved
by experimental measurement as shown in Fig. 2.22. A silicon standard
(Simetrics RS-N) with a pitch value of 0.3 µm and approximately 130 nm
peak-to-valley amplitude is measured using both white and blue LED, respectively. The upper curves represent the height values corresponding to
the envelope position, while the lower curves are based on phase evaluation techniques. The grating structure of the standard is not resolved in
the measurement results using the white LED. Better results can be seen
in Fig. 2.22b from measurement using the blue LED, where the envelope
evaluation clearly shows the periodic structure of the grating. Yet the amplitude of the structure can not be determined correctly by both, envelope
and phase evaluation, since the grating period of 0.3 µm is beyond the lateral resolution limit according to the Rayleigh criterion. Another example
was shown in [NLX12] using a 50x Mirau interferometer with a NA of 0.55.
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(b) Blue LED.

Figure 2.22.: Measurement results obtained by envelope (upper curves) and
phase evaluation (lower curves) on a silicon standard with a
pitch value of 0.3 µm and approximately 130 nm peak-tovalley amplitude using white and blue LED.
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3. Diffraction and temporal
coherence effects in WLI
Diffraction is closely related to the lateral resolution in optical measuring instruments, not only for intensity modulated amplitude objects, but
also for phase objects. In case of amplitude objects the lateral resolution is
determined by the MTF of the optical system [Hec02]. If no aberration is
present, Rayleigh and Sparrow-criterion, especially the former one is usually applied, which is based on a linear transfer characteristic of the optical
system.
The situation is different, if a phase object in an interferometric system is considered. The lateral resolution limit of a tactile stylus instrument is reached, if 50% of the amplitude is obtained by the stylus instrument [LH10]. This definition comes from linear system theory. However,
topography measurements using tactile instruments are inherently nonlinear.
Similar to tactile stylus instruments, the measurement results obtained
from a phase object by an interferometric system not only depend on the
measuring instrument, but also strongly on the objects microstructure. Assuming a rectangular grating with period Λ and height h0 is to be measured
by a white light interferometer, the measured height strongly depends on
the HWR value, which is the ratio of the height h0 to the effective wavelength λeff . In case of low NA, λeff is approximately equal to the nominal
wavelength λ0 . At high values of NA, λeff = χ·λ0 , where χ is the NA factor
and χ > 1 because of the longitudinal spatial coherence. In this chapter,
simulations and experimental measurements assume a NA value of 0.55,
if it is not specially defined. In this case, χ ≈ 1 and temporal coherence
is dominant. For the sake of simplicity, only temporal coherence is taken
into account and no spatial coherence is considered. Therefore, λeff ≈ λ0 .
In further chapters, high NA values are considered and consequently both
temporal and spatial coherence are taken into account.
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If HWR ≈ 0, namely the height of the rectangular grating is much
smaller than the effective wavelength, ITF equals the MTF. In this case,
the interferometer has a linear transfer function [dC05]. However, at certain HWR values, the well-known batwing effect gives rise to systematic
errors, causing extra nonlinearity to the ITF.

3.1. Introduction of white light interferometry
White light interferometry, also called low-coherence interferometry
(LCI), is a technique which goes back to the work of Benoit et al. in
1913 [BFP13], where the length of the International Prototype Metre is
measured using multiple-beam fringes. A detailed theoretical analysis to
the superposition of fringes is given by Born and Wolf [BW99]. This technique was reapplied by Delisle and Cielo in 1975 [DC75], where an experiment using two Michelson interferometers with a white light source is
introduced in optical communication systems. The first optical fiber sensing application of WLI was reported by Al-Chalabi et al. [ACCD83] in
an experiment where two Mach-Zehnder interferometers were coupled together to achieve a multiple remote interferometric sensor system. Since the
1990s, microscopic white light interferometry is widely applied to characterize three-dimensional topography at increasing demands on cost, speed
and accuracy [KC90, DHV92, Cab93, Dd94b, Wya95]. Nowadays, improved
computers, electronics and software enable an automatic, reliable and fast
data acquisition and analysis to make enormous advances in the measurement of surface shape and surface roughness [Wya13].
Fig. 3.1 shows the working principle of a white light interferometer. In
Fig. 3.1a an incident beam is splitted into a reference and an object beam.
The reference beam is reflected by the flat reference mirror being orthogonal
to the optical axis. The object beam undergoes a phase modulation arising
from the height variation of the measuring object. The camera records a
frame at each equidistant depth position of the object arm, which results
in an interference correlogram of each pixel corresponding to the measuring object. The interference correlograms, also called interferograms, are
shifted in the depth scan direction in a dimension strongly related to the
height variation of the measuring object. Using appropriate signal processing and evaluation, the surface structure can be reconstructed. Fig. 3.1b
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Figure 3.1.: Working principle of white light interferometer.
shows an interference image of a step structure of 1 µm height by tilting
the structure appropriately. A phase shift can be clearly seen between the
interferograms of the upper and lower steps.
Fig. 3.2 gives a schematic sketch of microscopic interferometer using
different types of objectives. The Mirau interferometer is the most common interferometer type due to its robustness against mechanical vibrations. Two glass plates (a beam splitter and a reference mirror) are placed
within the objective. Since reference and object beams share a common
path over most of their optical path length, Mirau setups are less sensitive
to vibrations than other interferometric configurations. Additionally, this
setup is space-saving since only one lens is required. Its working distance
is limited by the beam splitter. In certain cases, especially if the magnification of the system is low, the obscuration effect caused by the reference
mirror must be considered [SL95, ZZJ+ 05].
Systems with small magnifications from 1x to 10x are usually realized
employing the Michelson setup with a beam splitter, which limits the working distance inherently. Due to its small magnification a large field of view
can be achieved. Furthermore, the reference mirror is placed outside the
imaging path. Therefore, no obscuration effect is present. One significant
drawback of the Michelson and the Mirau configurations is that the beam
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Figure 3.2.: Schematic sketch of microscopic interferometer using Mirau,
Michelson and Linnik objective.

splitter can introduce strong aberrations and dispersion in wide-aperture
systems [Leh10, PS01].
In the Linnik setup no beam splitter in front of the objective lens is
required. Consequently, a large working distance is possible and no additional aberration and dispersion is introduced. In order to achieve high
lateral resolution, objectives with high numerical apertures can be used.
Nevertheless, the Linnik configuration requires two identical objectives and
a demanding adjustment. In addition, because of the long beam paths
involved, it must be built massively to avoid vibration problems. A summarization of properties of Michelson, Mirau and Linnik interferometers is
given in Tab. 3.1.
A few evaluation approaches to obtain the height profile of the surface
topography from the interferograms have been reported. Basically, the
normalized interferogram with an additional offset can be approximately
represented by an overall constant offset unity and a changing part of a
cosine function modulated by fringe contrast envelope V, also called fringe
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Michelson
interferometer

Mirau
interferometer

Linnik
interferometer

Magnifica- 1x - 10x
tion

10x - 50x

50x - 100x

NA

< 0.3

0.3 - 0.7

> 0.9

Working
distance

Limited by the Limited by the High working disbeam splitter
splitter plate
tance possible

Remarks

Strong aberrations
can be introduced
by the beam splitter

Less sensitive to
vibrations, obscuration effect due
to central reference mirror

High resolution
power, requires
two
identical
objectives
and
demanding
adjustment, sensitive to vibrations

Table 3.1.: Properties of Michelson, Mirau and Linnik interferometer.

visibility, as shown in Eq: 3.1:
I(∆z) = 1 + V(∆z) cos (ϕ(∆z)) .

(3.1)

∆z indicates the vertical depth scan position. The fringe visibility
varies much more slowly with the OPD than the fringe phase. The surface
topography can be reconstructed, if at least the visibility function V(∆z)
is known, since the peak contrast for interferograms in an ideal, dispersionfree interferometer occurs when the OPD is zero.
Principally, two different evaluation methods are usually applied in
white light interferometry. One of these is the coherence peak evaluation,
also called envelope evaluation or fringe contrast evaluation. The basic idea
is to find the highest fringe contrast – the coherence peak –, since this is
the most distinctive feature of the broadband interferogram. Publications
have been made by many authors differing mostly in the way they detect
and process the fringe contrast. Kino and Chim [KC90] calculate the fringe
contrast using Hilbert transform. They transform the interference correlogram into the spatial-frequency domain, eliminate the negative frequencies,
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center the positive frequency packet around zero and then transform back
to the spatial domain to reveal the envelope from the analytic signal for
further processing. Helen et al. [SKS99] present a phase-shifting technique
to determine the fringe contrast function using a rotating polarizer, which
introduces an achromatic phase shift. One significant limitation of the
fringe-contrast method is that this method can be highly sensitive to noise
arising from the optical or electronic system. Therefore, a high SNR value
of the data is required. Another drawback is that the fringe contrast is sensitive to dispersion in the optical system, which may lead to distortion of
the fringe contrast envelope [PS04,BSO07,LKX14]. Field-dependent aberrations are inherent in optical systems and occur even if the interferometer
is well adjusted. Lateral color is a typical field-dependent phenomenon
caused by dispersion, which can dramatically reduce the accuracy of white
light interferometry. Due to these limitations, alternative or additional approaches to the simple detection of fringe contrast are requested.
De Groot and Deck achieved a surface profiling by analysis of white
light interferograms in the spatial frequency domain [dD94a, dD95]. Frequency domain analysis (FDA) performs a Fourier transform of each individual interferogram results in a sequence of phase values as a function of
illuminating wavelength by considering the interferogram to be a sum of
a number of independent fringe patterns of various colors that are added
together by incoherent superposition. This approach corresponds to an envelope evaluation in the spatial frequency domain. Consequently it is less
noise sensitive and robust against stochastic changes.
The approach of fringe evaluation applied throughout this work also
considers the phase information. This method consists of two steps. At
first, the fringe contrast envelope is calculated and the fringe order is determined. Secondly, the phase value of the interferogram is calculated. Fig.
3.3 gives an illustration of the evaluation procedure using this approach.
The fringe contrast envelope V is obtained by calculating the standard
variation over a sliding window of samples [FWT00]. An alternative way
is to use Hilbert transform [KC90]. The accuracy can be improved by a
least-square-fit approach in the area surrounding the maximal fringe contrast. Usually a parabola or a Gaussian curve is fitted. At high SNR value
of interferograms the uncertainty of the height position can be reduced to
be within 10 nm [Nie16].
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Figure 3.3.: Simulated white light interference signal, its envelope, and a
sinusoidal reference signal.

The fringe order is determined as shown in Eq. 3.2.


∆z|V=Vmax
n0 = round
λ0 /2

(3.2)

The phase of the interference signal ∆ϕ (−π < ∆ϕ ≤ π) to a synthetic
reference signal can be calculated using DFT:
∆ϕ|f = λ2

0

N
X



δz
=
I(n) exp −j4πn
λ0
n=1


,

(3.3)

where δz is the equidistant step size of the depth scan and N is the number
of the steps.
The total phase value ϕ can then be calculated as shown in Eq. 3.4:
ϕ = n0 · 2π + ∆ϕ|f = λ2 .

(3.4)

0

Finally, the topography height results:
h=

ϕ
λ0 .
4π

(3.5)
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3.2. Numerical simulation
A qualitative study of the nonlinear transfer characteristic of white
light interferometer with regard to HWR values and batwing effects on
envelope and phase evaluation is undertaken in this chapter [XLN12a]. At
first, a model to simulate the interference patterns in the image plane as it
is obtained by a vertical scanning white light interferometer during a depth
scan is introduced, assuming a surface structure of a rectangular grating
and an illumination with Gaussian spectral density function. The resulting image stack can be analyzed using the same algorithms as are used to
analyze real measurement data.
Other topography objects are also studied by simulation. A rectangular
phase object having inhomogeneous reflection characteristics is assumed,
e.g. chrome on glass substrate, which is widely applied e.g. for lithographic
photomasks. Differences to former simulations, where the rectangular grating has homogeneous reflecting properties, can be observed. After that, a
simulation results of stochastically rough surface profiles of different lateral
correlation lengths are presented.
Subsequently, an analytical study of the transfer characteristics of rectangular periodic phase objects is introduced by considering only the first
order diffraction component passing through the optical imaging system.
In Chap. 3.4, measurement results are compared with simulation results.

3.2.1. Rectangular grating
The numerical simulation procedure comprises several steps. Firstly, a
one dimensional rectangular height profile h(x0 ; Λ, h0 ) with period Λ and
height h0 is given in Eq. 3.6,
(
h0
nΛ ≤ x0 < nΛ + Λ2
n = 0, 1, 2....
(3.6)
h(x0 ; Λ, h0 ) =
Λ
0. nΛ + 2 ≤ x0 < nΛ + Λ
where Λ and h0 in the brackets of function h(x0 ; Λ, h0 ) indicate the parameters and x0 indicates the argument. The grating has a constant height
value along the y0 direction and therefore is independent of y0 as shown in
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h(Λ, h0; x0)

Fig. 3.4.

h0

1Λ

2Λ

3Λ
x0

4Λ

y0

Figure 3.4.: One dimensional Rectangular grating with height h0 and period Λ.
Assuming that the spectral characteristics of the light follows the Gaussian distribution:
"
#
2
1
(k − k0 )
S(k) = √
exp −
,
(3.7)
2∆k 2
2π∆k
where ∆k is the spectral width and k0 = 2π/λ0 with center wavelength λ0 .
Eq. 3.7 is similar to Eq. 2.61. The former Eq. is preferred in the following
consideration because of its simplicity and common usage. The AC part
of the interference signal ∆I can be formulated as following
Z +∞
∆I(x, ∆z; Λ, h0 ) ∼
S(k) cos[2k(h(x; Λ, h0 ) + ∆z) + ϕ(k)]dk. (3.8)
−∞

ϕ(k) is the phase difference corresponding to the OPD between reference
and object arm due to objectives, misalignment, or beam splitter phase
additions. ∆z indicates the depth scan with constant increment along the
height axis. x is the corresponding axis of x0 in the image plane.
Omitting any proportional coefficients, assuming ϕ(k) = 0 and substi-
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tuting S(k) in Eq. 3.8 with Eq. 3.7, Eq. 3.8 becomes:
n

2 o
2
∆I(x, ∆z; Λ, h0 ) = exp −2∆k h(x; Λ, h0 ) + ∆z
n 
o
· cos 2k0 h(x; Λ, h0 ) + ∆z

(3.9)

According to the definition of temporal coherence length lc in Fig. 2.13,
the envelope of ∆I(x, ∆z; Λ, h0 ) drops from unity to e−1 when the OPD is
equal to lc . Consequently,
 2


1
2
lc = 1.
(3.10)
2∆k 2 h(x; Λ, h0 ) + ∆z = 2∆k 2
2
Therefore,

√

2

.
lc
Applying Eq. 3.11 in Eq. 3.9, it follows,
( 
2 )
h(x; Λ, h0 ) + ∆z
∆I(x, ∆z; Λ, h0 ) = exp −4
lc


4π
[h(x; Λ, h0 ) + ∆z] .
· cos
λ0
∆k =

(3.11)

(3.12)

Consequently, white light interference patterns are obtained for each scanner position ∆z, and ∆z = nδz , where δz is the step size of depth scan and
n is the depth scan index. Since it is the AC part of the interference signal
that is relevant for further evaluation, the offset of the interference signal is
dropped and consequently ∆I(x, ∆z; Λ, h0 ) is taken in further calculation.
The total scan length covers approximately a distance of two times of the
temporal coherence length lc of the illuminating light, which is assigned to
be 2.5 µm in this chapter.
The numerical simulation works as shown in Fig. 3.5. The topography profile of the object is given in Eq. 3.6. With known spectral density
function S(k) of low coherence illumination, the raw interference intensity
∆I(x, ∆z; Λ, h0 ), if diffraction is not considered, can be calculated by Eq.
3.12. Obviously, ∆I(x, ∆z; Λ, h0 ) is not the intensity pattern which results
from practical measurement. The image intensity is given by the convolu-
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Initialization
i=i+1, j=j+1
h0=H(i), ߉=߉(j)
Depth scan: n=n+1

i=1, j=1
Topography profile
h(x0; ߉, h0)

Low coherence
illumination S(k)

Raw intensity ∆I (x, ∆z; ߉, h0)
from depth scan

Optical transfer function
OTF(fx)

Image intenstiy
∆Iimage (x, ∆z; ߉, h0)
No
n=N?
Yes
Envelope and phase
evaluation
ITFenv(߉, HWR)
ITFphase(߉, HWR)
No
i=size(H), j=size(߉)
Yes
End

Figure 3.5.: Simulation procedure considering temporal coherence and
diffraction [XLN12a].
tion of the raw intensity pattern and the line spread function as shown in
Eq. 3.13 at each depth scan position ∆z:
∆Iimage (x, ∆z; Λ, h0 ) = ∆I(x, ∆z; Λ, h0 ) ∗ LSF(x),

(3.13)

where ∗ denotes the convolution operator. Since the object h(x; Λ, h0 ) is
one dimensional, instead of the point spread function PSF(x, y), the line
spread function LSF(x) is used [Bor01]. The LSF(x) is equivalent to an
integrated profile of the PSF(x, y) in y direction:
Z +∞
LSF(x) =
PSF(x, y)dy.
(3.14)
−∞
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The Fourier transform of LSF(x) is equal to OTF(fx , 0):
OTF(fx , 0) = F{LSF(x)}.

(3.15)

The calculation of Eq. 3.13 is very time consuming due to the
convolution. Therefore, ∆Iimage (x, ∆z; Λ, h0 ) is determined based on
Fourier transform and uses the convolution theorem:
 n
o
n
o
∆Iimage (x, ∆z; Λ, h0 ) = F −1 F ∆I(x, ∆z; Λ, h0 ) · F LSF(x)
 n

o
−1
=F
F ∆I(x, ∆z; Λ, h0 ) · OTF(fx ) ,
(3.16)
where OTF(fx ) is the optical transfer function with only one argument
of spatial frequency fx . OTF(fx ) can be formulated as already shown in
Eq. 2.30. Since only one dimensional structure is considered here, fr in
Eq. 2.30 can be replaced by fx . Throughout this chapter, it is assumed
NA = 0.55 and λ0 = 0.6 µm. Eq. 2.30 is graphically shown in Fig. 3.6.
1
OTF(fx )

0.8
0.6
0.4
0.2
0 1
10

OTF
Rayleigh frequency
Sparrow frequency
102
103
Spatial frequency fx (mm−1)

104

Figure 3.6.: Graphic illustration of the MTF with the Rayleigh and the
Sparrow frequency assuming NA = 0.55, λ0 = 0.6 µm.
The Rayleigh frequency and Sparrow frequency marked in Fig. 3.6 are
defined as the reciprocals of the corresponding optical resolution:
fx,Rayleigh =

1
δRayleigh

,

fx,Sparrow =

1
δSparrow

(3.17)
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2
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1

∆z (µm)

∆z (µm)

Eq. 3.16 performs a low pass filtering of the raw interference intensity.
The calculation of Eq. 3.12 and Eq. 3.16 is performed for each depth scan
position ∆z. The height corresponding to each x position can be obtained
by envelope and phase evaluation using well-known signal processing algorithms introduced in Chap. 3.1 [dCKT02, FWT00]. The ITF value arises
from the quotient of the height value resulting from signal processing and
the given height of the object profile. Finally, variation of the period Λ
and the height h0 of the rectangular profile leads to ITF values depending
on both, namely ITF(Λ, h0 ). For a given wavelength, each height h0 corresponds to a HWR value. Therefore, The ITF is a function of both Λ and
HWR, namely ITF(Λ, HWR).
For each value of ∆z, i.e. at each depth scan position, the raw intensity data ∆Iraw (x, ∆z) and the image intensity data ∆Iimage (x, ∆z) are to
be calculated. Consequently, both of them are two-dimensional matrices,
depending on the spatial coordinate x and the scanner position ∆z. Simulation results of raw and image intensity patterns are shown in Fig. 3.7
for −lc ≤ ∆z ≤ lc .
In Fig. 3.7a the boundary between the upper and lower level of the
grating is very sharp because the phase difference between them is π. Since
the convolution with LSF(x) corresponds to low-pass filtering, the bound-

0
-1
-2
0

0
-1
-2

2

4
x (µm)

(a) Raw intensity.

6

8

0

2

4
x (µm)

6

8

(b) Image intensity.

Figure 3.7.: Simulated intensity patterns for a rectangular grating with
h0 = 150 nm, HWR = 1/4, Λ = 2 µm, scaled in gray levels (dark areas correspond to low intensity and bright areas
correspond to high intensity) [XLN12a].
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ary in the image intensity pattern becomes vague in Fig. 3.7b.
The well-known batwing effect arises, if discontinuous surfaces with
sharp edges are examined [HW00]. The argument in the cosine function in
Eq. 3.12 indicates the phase shift ∆φ between interferograms corresponding to different height values. In case of a rectangular grating of height h0 ,
∆φ = 4πh0 /λ0 results.
The phase difference ∆φ depends on the height h0 and the wavelength λ0 . For h0 equal to λ0 /4, 3λ0 /4, i.e. HWR equal to 1/4, 3/4, ∆φ
mod 2π = π results. In this case, the batwing effect is most obvious. Contrarily, ∆φ mod 2π = 0 holds, if HWR equals to 1/2 or 1. Consequently,
the batwing effect disappears. The two curves in Fig. 3.8 represent the
profile obtained by analyzing the position of the envelope of a white light
interference signal and the profile obtained from the phase information of
the interference component assuming HWR = 1/4.
The result of envelope and phase evaluation has been added to an offset in order to separate the two curves. One clearly observes the batwing
effect at the edges of the profile. Nevertheless, the phase evaluation yields
the exact height value of the object profile, whereas the result of envelope
evaluation shows a height h0,env = 188 nm, with relative error of about

4
Batwing
Height (µm)

3
188 nm
2

Envelope eval.

150 nm

1
0

Phase eval.

0

1

2

3

4
5
x (µm)

6

7

Figure 3.8.: Results of envelope and phase evaluation assuming HWR =
1/4, Λ = 2 µm.
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Norm. intensity (a.u)
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−0.5
−1.0

(a)

−2

0
∆z (µm)

2

Int. mod. (a.u.)

h0 = 150 nm

1.0

Image int. (a.u)

25% due to the batwing effect. This error decreases as the period of the
object profile increases and it increases if the period decreases. The height
value of peak-to-valley (from the highest to the lowest point) hp-v is 1578
nm, which is far higher than the step height h0 . Unlike the envelope evaluation, the phase evaluation results in two horizontal sections of the upper
and the bottom surface level of the grating. However, the phase evaluation
suffers from incorrect determination of the fringe order, since the height error obtained from envelope evaluation exceeds ±λ0 /4. Consequently, phase
jumps occur, also called as ghost steps. The step height is correctly evaluated h0,ph = h0 = 150 nm. Both h0,env and h0,ph are calculated as height
difference from the middle of the upper plateau to the middle of the bottom
plateau.
Fig. 3.9 shows the raw and the image intensity signals at the upper
and the bottom edge of the rectangular grating. In Fig. 3.9a, the height h0

0.1
0
-0.1

(b)
0.06

−2

0

2

hp-v = 1578 nm

0.04
0.02
0.00

(c)

−2

0
∆z (µm)

2

Figure 3.9.: Correlograms at edges assuming HWR = 1/4, Λ = 2 µm. (a)
Raw and image intensity signals at upper and bottom edge.
Black thin line: raw intensity at upper edge; green thin line:
raw intensity at bottom edge; black thick line: image intensity
at upper edge, green thick line: image intensity at bottom
edge; (b) Image correlograms according to (a); (c) Envelopes
corresponding to the two correlograms of (b).
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can be obtained from the raw intensity at the upper and the bottom edge.
Nevertheless, the distance between the two maxima of the image correlograms becomes much greater than h0 if diffraction is taken into account.
This corresponds to the height difference from peak to valley in case of the
batwing effect according to Fig. 3.8.
From Fig. 3.8 the following ITF values can be obtained:
188
150
150
ITFph (Λ = 2 µm, h0 = λ0 /4) =
150

ITFenv (Λ = 2 µm, h0 = λ0 /4) =

nm
= 1.25,
nm
nm
=
1.
nm

(3.18)

In case of h0 = λ0 /2, ∆φ mod 2π = 0 results. Consequently, instead
of batwing effect, a rounding at edges occurs. The rectangular grating now
looks like a sinusoidal structure in the envelope evaluation, as shown in Fig.
3.10. However, the phase evaluation is able to reconstruct the rectangular
shape of the grating.

Height (µm)

1.0
0.8
0.6

Envelope eval.

Phase eval.

0.4
0.2
0.0
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3

4
5
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6
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Figure 3.10.: Results of envelope and phase evaluation assuming h0 = λ0 /2,
Λ = 2 µm.
Fig. 3.11 displays the correlograms at edges assuming h0 = λ0 /2,
Λ = 2 µm. The raw and image intensity at the upper and bottom edges
overlaps so that some are hard to be seen. No phase difference is present,
therefore, the envelopes of the image correlograms in Fig. 3.11c overlap.
Consequently, in Fig. 3.10 the batwing effect disappears.
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Figure 3.11.: Correlograms at edges assuming HWR = 1/2, Λ = 2 µm.
Color and thickness configuration is the same as in Fig. 3.9.
(a) Raw and image intensity signals at upper and bottom
edge; (b) Image correlograms according to (a), the correlograms completely agree; (c) Envelopes corresponding to the
two correlograms of (b).
From Fig. 3.10 the following ITF values can be obtained:
241.8 nm
= 0.81,
300 nm
300 nm
ITFph (Λ = 2 µm, h0 = λ0 /2) =
=
1.
300 nm

ITFenv (Λ = 2 µm, h0 = λ0 /2) =

(3.19)

Comparing Eq. 3.18 and Eq. 3.19, it is obvious that the ITF is strongly
dependent on the height of the rectangular grating, and therefore dependent on the HWR value. Fig. 3.12 shows the evaluation results at HWR
value of 1/6 and 1/3.
Apparently, the phase evaluation in Fig. 3.12a shows rounding at the
edge positions, while batwings are present in Fig. 3.12b. Unlike the imaging MTF, the ITF is strongly nonlinear. This transfer characteristic of
white light interferometer is studied next and a preliminary overview of
the ITF will be given in the following.
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Figure 3.12.: Results of envelope and phase evaluation at different HWR
values.
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Figure 3.13.: ITF function (3-D view) calculated by envelope evaluation
[XLN12a].
Fig. 3.13 displays ITF(Λ, HWR) based on the envelope evaluation.
The ITF falls from 1 to 0 with decreasing period Λ of the grating structure, but there are some exceptions around the HWR values at 0.25 and
0.75. In these cases the ITF increases due to batwing effect as the period
Λ falls. The Rayleigh and Sparrow resolution are marked with points and
asterisks. At the Rayleigh resolution the ITF reaches maximum values for
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HWR equal to 0.25 and 0.75 owing to the batwing effect. The ITF at
Rayleigh resolution falls as the HWR value changes toward 0, 0.5 and 1,
because the batwings disappear at the corresponding height values.
In Fig. 3.14 the ITF at HWR values equal to 0.5, 0.25, and 0.05, as well
as imaging diffraction-limited MTF are plotted. The ITF lines of HWR
at 0.5 and 0.05 overlap. Besides this, they show similar transfer characteristics as the MTF. De Groot et al. studied the ITF in case of very
small surface deviations, i.e. HWR  0.25, and concluded that the ITF of
the interferometer is approximately the same as its imaging MTF [dC05].
The simulation results in Fig. 3.14 confirm this statement. Furthermore,
simulation assuming full longitudinal spatial coherence, as shown in this
chapter, indicates that even for HWR equal to 0.5, where no batwing effect occurs, the ITF calculated by envelope evaluation is also similar to the
imaging MTF.

ITF(Λ, HWR)
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MTF
HWR = 0.5
HWR = 0.25
HWR = 0.05
Rayleigh resolution
Sparrow resolution

8
6
4
2
0
0

1

2

Λ/λ0

3

4

5

Figure 3.14.: ITF for different HWR values [XLN12a].
Due to the batwing effect, the height measuring error resulting from
envelope evaluation tends to be non-negligible, especially if the spatial frequency of the object profile is in the vicinity of the Rayleigh frequency. Fig.
3.15a represents ITF resulting from phase evaluation. It should be noticed
that the vertical scale differs from the result shown in Fig. 3.13. The ITF
value at high spatial frequencies (small grating periods) is smaller than
unity in the range of HWR < 1/4, since the reconstructed height profile
shows blunt edges. On the other hand, if 1/4 < HWR < 1/2, batwing ef-
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(a) 3-D view of ITF resulted by phase evaluation.
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(b) Comparison of the ITF (HWR value at 0.05, 0.25 and 0.5) with imaging MTF.

Figure 3.15.: ITF functions calculated by phase evaluation [XLN12a].
fect occurs, consequently, the ITF value is greater than unity as the spatial
frequency decreases but can still be resolved. The ITF behaves similarly
for 1/2 < HWR < 1, as it is slightly below unity if 1/2 < HWR < 3/4 with
one exception due to phase jumps when HWR = 0.7. Furthermore, The
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ITF is slightly greater than unity because of batwings if HWR = 0.8. Additionally, for HWR between 0.25 and 0.75, the ITF value falls rapidly from
1 to 0 if the Rayleigh resolution is reached. For HWR between 0.05 and
0.2, however, the ITF value decreases moderately, and for HWR between
0.85 and 1, it is already close to 0 if the Rayleigh resolution is reached.
Fig. 3.15b compares the simulated ITF based on phase evaluation
with the analytic ITF. Three ITF curves obtained by simulation assuming
HWR values of 0.05, 0.25 and 0.5 are presented. For a very small object
height, HWR = 0.05, the simulated ITF shows a similar characteristic as
the imaging MTF obtained for an incoherent imaging system. However,
for HWR values equal to 0.25 and 0.5, the simulated ITF show a broader
bandwidth. These simulated ITF curves are similar to the MTF known
from coherent imaging except that the cutoff frequency is twice as high
here. Furthermore, the results show that the full modulation depth of the
profile can be obtained in certain cases until the Rayleigh frequency is
reached. The main reason for the discrepancy between the simulated ITF
at HWR = 0.25, 0, 5 and the imaging MTF is that the derivation of the
imaging MTF does not take the interferometric measurement procedure
based on depth scanning and phase evaluation into account.

3.2.2. Chrome-on-glass grating
In Sect. 3.2.1 homogeneous and constant Fresnel reflection coefficients
Rs (x; k, θe ) = 1 on the measurement sample and Rr (x; k, θe ) = 1 on the
reference mirror were assumed, where x is again the spatial coordinate on
the image plane corresponding to the coordinate on the measurement sample, k and θe are the wavenumber and the incident angle of illumination,
respectively. For the purpose of a qualitative study this is feasible as long
as Rs (x; k, θe ) and Rr (x; k, θe ) is not strongly dependent on one of the parameters in the argument, i.e., the value of the Fresnel coefficient does not
change abruptly. However, this is not always the case. Chrome-on-glass
gratings are widely applied in photomask technology [Die01], resolution
test targets etc. and has an inhomogeneous Fresnel reflection coefficient
over the grating.
Assuming the Fresnel reflection of the reference mirror is unity, since a
highly reflective Aluminum mirror with high flatness is usually used. Nevertheless, the large difference of the Fresnel coefficient of chrome and glass
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can not be ignored and must be considered by appropriate modeling.
The Fresnel coefficients were deduced by Augustin-Jean Fresnel in
1823. They relate the amplitudes, phases and polarization states of the
reflected and transmitted waves at the boundary of two media with different refractive indices. The Fresnel reflection coefficient can be calculated
as shown in Eq. 3.20 and Eq. 3.21:
p
n2re (k) cos θe − µre n2re (k) − sin2 θe
p
,
(3.20)
RTM (k, θe ) =
n2re (k) cos θe + µre n2re (k) − sin2 θe
p
µre cos θe − n2re (k) − sin2 θe
p
RTE (k, θe ) =
,
(3.21)
µre cos θe + n2re (k) − sin2 θe

where nre (k) = n2 (k)/n1 (k), µre = µ2 /µ1 . n1 (k), n2 (k) are the refractive
indexes of the two media dependent on the wavenumber. µ2 and µ1 are
the magnetic permeabilities. Most commonly used optical materials are
nonmagnetic. Therefore one can approximate µ1 = µ1 = µ0 , where µ0 is
the vacuum permeability.
In case of TM- and TE-Polarization, the Fresnel reflection coefficient
can be calculated according to Eq. 3.20 and 3.21. In case of unpolarized
light the Fresnel coefficient can be calculated as following:
p
(3.22)
R(k, θe ) = 0.5 (|RTM (k, θe )|2 + |RTE (k, θe )|2 ).

Fig. 3.16 shows the Fresnel reflection coefficient of chrome and glass
in dependence of wavenumber k and incidence angle θe . The range of
wavenumbers corresponds to a Gaussian illumination with center wavelength λ0 = 0.6 µm and temporal coherence length lc = 2.5 µm. The
incident angles correspond to the a NA of 0.55.
The Fresnel reflection coefficient of chrome is much higher than of glass.
Additionally, both RCr (k, θe ) and RSiO2 (k, θe ) show only slight deviations
at different incident angles. For the sake of simplicity, the R(k, θe ) will
be assumed to be constant at different incident angles, R(k, θe ) = R(k, 0).
This condition no longer holds for high NA objectives. Therefore, for the
following modelling, R(k, θe ) is replaced by R(k).
In case of inhomogeneous reflectivity of the chrome-on-glass grating,
the Fresnel reflection coefficient is also dependent on the spatial coordinate. Omitting any proportional coefficients, the interferogram can be
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Figure 3.16.: Fresnel reflection coefficients of chrome and glass.
formulated as
+∞

i
1h
2
I(x, ∆z) =
1 + |R(x, k)| S(k)dk +
−∞ 2
Z +∞
n 
o
|R(x, k)| S(k) cos 2k h(x) + ∆z dk,
Z

(3.23)
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Figure 3.17.: Simulated intensity patterns for a rectangular chrome-onglass grating with HWR = 1/4, Λ = 2 µm, λ0 = 0.6 µm,
NA = 0.55 [XLN12a].
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where S(k) is again the spectral density of the illumination with Gaussian
distribution.
Fig. 3.17 shows the raw and image intensity for a rectangular chromeon-glass grating with h0 = λ0 /4, Λ = 2 µm. Since the HWR value is 0.25,
a phase difference of π between the upper and bottom edge results in the
raw intensity. In Comparison with the result of a homogeneous grating
in Fig. 3.7, the correlogram at the bottom plateau shows a much smaller
intensity and modulation depth due to the low Fresnel reflection coefficient
of glass. Consequently, in the region of the glass substrate diffraction from
the chrome layers dominates the image intensity near the edges. Fig. 3.18
shows the results of envelope and phase evaluation for HWR = 1/4 and
HWR = 1/2.
As discussed in Sect. 3.2.1, batwings occur in the evaluation when
HWR = 0.25 and they disappear when HWR = 0.5. However, the width
of glass plateau appears significantly smaller than of the chrome plateau
both, in Fig. 3.18a and 3.18b. Additionally, in Fig. 3.18a, the resulting
height of envelope evaluation h0,env = 269 nm is much higher than the real
height of the grating. The result of phase evaluation where h0,ph = 450 nm,
suffers from so-called ghost steps [LTX16] due to fringe order errors arising
from envelope evaluation. In Fig. 3.18b the envelope evaluation is not able
to reconstruct the rectangular grating structure and results in a height
value of h0,env = 200 nm, which is much smaller than the real height.
However, the phase evaluation represents the correct height with the flaw
of the incorrect width of the chrome and glass plateau.
4

3
Envelope eval.

2

Phase eval.

1
0

0

2

4
x (µm)

6

(a) HWR = 1/4, Λ = 2 µm.

Height (µm)

Height (µm)

4

3
Envelope eval.

2

Phase eval.

1
0

0

2

4
x (µm)

6

(b) HWR = 1/2, Λ = 2 µm.

Figure 3.18.: Results of envelope and phase evaluation for a chrome-onglass grating.
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If the period of the grating decreases to Λ = 0.9 µm, as shown in
Fig. 3.19, while a homogeneous rectangular grating can be still resolved
with ghost steps in the phase evaluation, the reconstruction of the chromeon-glass grating fails. The inhomogeneous reflectivity on chrome-on-glass
grating results in a systematical mismatch of the envelope and phase in
the image intensity on the glass plateau and finally leads to a lower lateral
resolution as in the homogeneous case.
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Figure 3.19.: Comparison of evaluation results of homogeneous and
chrome-on-glass gratings (HWR = 1/4, Λ = 0.9 µm).

3.2.3. Rough surfaces
The importance of the roughness measurement in industrial production is closely related to the practical function of the surface roughness.
Friction, adhesive strength, abrasion, fatigue, corrosion or even malfunction are usually dependent on surface roughness [Smi13,Liu01]. Nowadays,
also in micro-electro-mechanical systems (MEMS) [YLZH06,BPKS13], surface roughness has shown its significance that affects the ability of contact
between two layers, even if the roughness is very small. Various instruments for roughness measurement are available [Bhu00, VRR+ 07]. Both,
mechanical stylus method (contact) and optical method (non-contact) can
be applied for roughness measurement. Many authors have applied white
light interferometers to measure rough surfaces. A qualitative statement
of the roughness can be made even if the lateral structure of the surface
is not optically resolved and a speckle pattern appears [Pav08, WHH12].
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Tereschenko [TLZBF16] et al. have recently achieved a passive vibration
compensation of surface topography measurement in microscopic scanning
white light interferometry, where roughness standards are laterally resolved
using envelope evaluation. Schake [SSL15] et al. demonstrated the feasibility of a high resolution fiber-coupled interferometric point sensor with
periodical path length modulation to determine the lateral surface profile
of rough surface by phase evaluation.
Assuming the following roughness profile
}(x) = Rq · randn(N, 1),

(3.24)

rand(N, 1) is a series of normally distributed random numbers of length
N with zero mean value and a standard deviation of 1, Rq is the root
mean square (RMS) of }(x). Besides the RMS value Rq and the arithmetic
average Ra , also the correlation length ls is a significant parameter to estimate the roughness profile. ls is the most popular way to represent lateral
variation of a random function and indicates whether or to which extent
roughness samples on profile are still related to each other if they are some
distance apart. In other words, the correlation length can be interpreted as
a measure of how well further values of the height profile can be predicted
upon past measurement. Eq. 3.24 represents random numbers of Gaussian white noise, which theoretically has constant power spectral density1
(PSD). Therefore, the autocorrelation of }(x) results in a δ function. The
correlation length ls is zero.
In practice, technical surfaces generated by different manufacturing
processes usually possess a characteristic range not only of surface roughness (nano- and micro-roughness), but also of waviness (macro-roughness)
and form deviation [DBK12, JSD05]. Consequently, the correlation length
ls is not zero and dependent on the manufacturing process. The autocorrelation function (ACF) is the normalized form of the autocovariance
function (ACVF) of the surface height function h(x) [Bhu00]:
ACF(τx ) =

1

ACVF(τx )
,
(Rq )2

(3.25)

In practice, simulation of PSDs of white noise by FFT has some issues because of finite length of
generated samples and pseudo-random generators. One may overcome these issues by simulating
Gaussian white noise as a multivariate Gaussian random vector [Bro83, Pap91].
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where

Z
1 L
h(x)h(x + τx )dx.
(3.26)
ACVF(τx ) = lim
L→∞ L 0
The ACF rigorously describes lateral surface features and its form reveals periodic and random characteristics of the profile. Because of the
normalization it is independent on the profile amplitude. The values range
from -1 (correlation of inverted shifted profile) to 1 (perfect correlation).
The correlation length ls can be taken as the length at which two points
on a function have just reached the condition where they can be regarded
as being independent. Therefore, it indicates how quickly the ACF decreases. The threshold value for the correlation length is assumed to be
ACF(τx = ls ) = 1/e. In some cases the threshold value is also defined to
be 0.1.
Consequently, modeling should meet the following prerequisites that
the roughness profile has:
• a mean value of 0 and a RMS value (or standard deviation) of Rq ;
• Gaussian distributed height values, whose standard deviation is defined by the RMS value Rq ;
• a correlation length of ls .

Rq and ls are parameters which should be given. Apparently, Eq. 3.24
does not fulfill the third prerequisite, because the correlation length ls
equals zero.
Assuming the following roughness profile:
h(x) = }(x) ∗ g(x),

(3.27)

where ∗ is a convolution operator and g(x) is a normalized Gaussian function with expectation value 0 and standard deviation σ = 1/2 · ls ,


x2
1
exp − 2 .
(3.28)
g(x) = √
2σ
2πσ
h(x) and }(x) have the same RMS value Rq and a mean value of 0.
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Additionally, h(x) has a correlation length ls . Consequently,
(
)
n
o
n
o
h(x) = F −1 F }(x) · F g(x)

(3.29)

)

2 2
(2πfx ) σ
,
F{}(x)} · exp −
2

(
= F −1

where fx is the corresponding spatial frequency.
Assuming Rq = 0.3 µm, Fig. 3.20 shows simulated roughness profiles
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Figure 3.20.: Simulated roughness profiles h(x) with correlation ls of 1 µm
and 3 µm.
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h(x) according to Eq. 3.29 with correlation length ls of 1 µm and 3 µm,
respectively. For the sake of clear comparison, only part of the roughness
profile with ls = 3 µm is shown. In Fig. 3.20a the roughness profile with 1
µm correlation length has much higher frequency components and steeper
slopes than the one with 3 µm correlation length. In Fig. 3.20b, they show
similar probability density function (PDF), because PDF is only related
to the standard deviation σ (which equals the rms value Rq ). In case of
ls = 1 µm, about 68.8% of values are within 1σ away from the mean value
zero and 94.7% of the values lie within 2σ. In case of ls = 3 µm, these
percentages are 68.7% and 94.1% respectively. Both cases agree with the
analytical values of 68.3% and 95.5% of a normal distribution quite well.
Fig. 3.20c represents the autocorrelation function of the roughness profile
according to Fig. 3.20a. The ACF reaches unity at τx = 0 and decreases
with growing τx . As shown in Fig. 3.20d, τx is 0.95 and 2.97 µm, which is
approximately the corresponding correlation length, where the ACF value
decreases to e−1 .
The roughness profiles displayed in Fig. 3.20a are used for further simulation of the interferograms. In practice, due to low modulation depth,
especially at slope positions on the profile, inaccurate fringe order determination leads to phase jumps in the result of phase evaluation. Therefore,
the envelope position is used to determine the height profile from interferograms.
Fig. 3.21a and 3.21b present the results of envelope evaluation of the
roughness profiles shown in Fig. 3.20a. The black curves are the original
roughness profiles and the red ones with dots result from envelope evaluation. Fig. 3.21c and 3.21d indicate the errors of the simulation results in
3.21a and 3.21b. Apparently, the simulation result of the roughness profile
with correlation length of 1 µm has much larger errors than the one with
correlation length of 3 µm.
For a qualitative study of the transfer characteristics concerning different correlation lengths of the roughness profiles, the simulation assumes
that the Fresnel reflection on the roughness surface is homogeneous and is
not dependent on local slope. Evaluation results of the roughness profile
with ls = 1 µm shows batwings at steep slopes, while the simulated profile
agrees well with the original roughness profile in case of ls = 3 µm. Consequently, the evaluation result of the roughness profile with ls = 1 µm
leads to an overestimation of the roughness, which is also documented in
literature [RVLF05]. Rq = 0.35 µm instead of Rq = 0.3 µm results due to
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Figure 3.21.: (a) and (b) are the profiles resulting from envelope evaluation assuming roughness profiles with correlation length of 1
µm and 3 µm respectively. Black curve: original roughness
profile; Red curve: profile resulting from envelope evaluation.
(c) and (d) are the errors of the simulation results of the corresponding roughness profiles shown in (a) and (b).
the batwing effect.

3.3. Analytical review
The numerical simulation in Chap. 3.2.1 has shown that the transfer
characteristics of rectangular periodic phase objects significantly differ from
amplitude objects. The imaging of an amplitude object can be understood
as a linear process, whereas phase objects behave nonlinearly. Lehmann
et al. [LXN12] have shown analytically that under certain conditions the
correct shape of a rectangular phase grating can be obtained by an interference microscope as long as the first order diffraction component passes
the optical imaging system.
As shown in Eq. 2.68, the changing part ∆I of an interferogram can
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be formulated as:
(

)
 


4 [h(x, y) + ∆z]2
∆I = I0 exp −
cos 2k0 h(x, y) + ∆z + ϕ0 , (3.30)
lc2
|
{z
}
V(∆z)

where I0 is the amplitude of the intensity, V(∆z) is the visibility function,
∆z is the depth scan position and ϕ0 is the constant phase difference between reference and object arm due to misalignment, beam splitter error,
or phase changes on reflection at the object and reference mirrors, etc.
Assuming V(∆z) ≈ 1, 2k0 ∆z + ϕ0 = −π/2, according to Eq. 3.30, the
phase object can be transferred to an amplitude object:



π
= I0 sin 2k0 h(x, y) ≈ 2I0 k0 h(x, y). (3.31)
∆I = I0 cos 2k0 h(x, y) −
2
The last expression only holds for weak phase objects with
2k0 h(x, y)  π/2, i.e., h(x, y)  λ0 /8 [dC05]. Consequently, in case of
a one-dimensional rectangular phase grating, where



2π
cos
x
h0
2π
h0
Λ 
h(x, y) = h(x) = rect
x =
,
(3.32)
2
Λ
2 cos 2π
x
Λ
and assuming all higher than the first order diffraction coefficients are
blocked, it follows:
2π
4
∆I ≈ 2I0 k0 h(x) ≈ I0 k0 h0 cos( x).
π
Λ

(3.33)

Eq. 3.33 shows a linear relationship between the interference intensity
∆I and the height function h(x). Because of the diffraction limit, only
frequencies smaller than NA/λ0 will be able to pass through the imaging
system, which results in a lateral resolution of λ0 /NA. In case of incoherent
illumination, the incident angle varies from − arcsin(NA) to arcsin(NA)
and the maximum spatial edge frequency doubles.
If the height of the phase object is not very small compared to the
illumination wavelength, the situation is different and Eq. 3.31 does not
hold. As in Sect. 3.2.1, it is assumed that the object under investigation
shows uniform reflectivity but a varying height. Generally, the amplitude
of the reflected wave is constant and the phase of the wavefront undergoes
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a phase shift related with the object height over the surface. Consequently,
the reflecting phase object can be characterized by the following reflectance
function:
r (x) = exp {j2kz h (x)}


(3.34)
2π
= cos {kz h0 } + j sin {kz h0 } rect
x .
Λ
where kz is the z component of the wave vector. Assuming the NA of the
optical imaging system is not high, e.g. NA = 0.55, temporal coherence is
dominant and full spatial coherence is assumed2 , therefore, kz ≈ k0 .
Substitution of the last term of Eq. 3.34 by the first order Fourier
approximation leads to


4
2π
x
r (x) ≈ cos(k0 h0 ) + j sin(k0 h0 ) cos
π
Λ
(3.35)
= |r(x)| exp (jϕ(x)) .
ϕ(x) is the phase of the reflectance function. Consequently,
ϕ(x) = 2k0 h (x)
 
 

= atan2 = r(x) , < r(x)




2π
4
sin(k0 h0 ) cos
x , cos(k0 h0 )
= atan2
π
Λ

(3.36)

where atan2(y, x) calculates four-quadrant inverse tangent of the arguments, which indicate the y and x coordinate respectively.
The accuracy of the reconstruction of h(x) strongly depends on the
value of h0 . If, for example, h0 = λ0 /4 and k0 h0 = π/2,
ϕ(x) =

2π
π
rect( x).
2
Λ

(3.37)

In this case the original rectangular height function is properly reconstructed without loss of information at the edges. In the case of h0 = λ0 /2
and k0 h0 = π, the 2π ambiguity leads to ϕ(x) = π. Since in SWLI the
fringe order is obtained from the envelope’s position, the correct height
2

This is not the case in practice, full spatial coherence is present in case of a point source and collimated
illumination. However, for the sake of simplicity, full spatial coherence is assumed in this chapter.
Partial spatial coherence is considered in the following chapters.
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profile will result even in this case as long as the correct fringe order is
known.
However, if ϕ(x) is not an integer multiple of π/2, discrepancies between the original and the measured surface profile occur. In case of very
small height, in Eq. 3.36 the “sin” and “arctan” function can be replaced
by their arguments and cos(k0 h0 ) ≈ 1. Consequently, the relationship according to Eq. 3.33 results again, which means that the rectangular height
function is replaced by its first order Fourier component. In case of height
values comparable to the illumination wavelength, for example, h0 = λ0 /3
or h0 = λ0 /6, the reconstructed profiles have different shapes as shown in
Fig. 3.22.

h(x)

h0 = λ0 /3

h0 = λ0 /4

h0 = λ0 /6

2Λ

4Λ
x

6Λ

8Λ

Figure 3.22.: Rectangular input profiles (dashed lines) and reconstructed
profiles resulting from Eq. 3.36 [LXN12].
The results shown in Fig. 3.22 assume a rectangular input profile with
different height values. Depending on the concrete value of h0 , the reconstructed height profiles resulting from phase evaluation show different
shapes. Results, similar to those shown in Fig. 3.12 by numerical simulation, are observed in Fig. 3.22. If h0 = λ0 /6, i.e. HWR = 1/6, instead
of reconstructing the rectangular grating as it is the case if HWR = 1/4,
a sinusoidal shape of height function results. In case of h0 = λ0 /3, i.e.
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HWR = 1/3, the reconstructed profile shows batwings.
Generally, for very small HWR values the measured amplitude will be
lower than the amplitude of the first order Fourier coefficient of the rectangular grating as shown in Eq. 3.33. This is because of the averaging
due to the diffraction limit and the integration over the pixel size by the
camera. In simulation this is replaced by integration over the sample interval given by the discretization. If HWR < 1/4, i.e. the nominal phase
difference ϕn = 2k0 h0 < π, the phase difference related to the averaged
signal is always significantly smaller than ϕn . In the simplest case it is
just half of the nominal phase difference. Hence, the measured amplitude
is smaller than the real amplitude and the ITF drops below unity for the
corresponding spatial frequency. In the other case, if 1/4 < HWR < 1/2,
i.e., π < ϕn < 2π, the phase difference with respect to the average signal is
always greater than the nominal phase difference. Consequently, batwings
occur and the measured amplitude exceeds the real amplitude [LXN12].
In conclusion, one can state that under certain conditions, i.e.,
HWR = n/4 or ϕn = nπ, where n is an integer, it is possible to reconstruct the correct profile of a rectangular phase grating based on SWLI
even if only the first order diffraction component passes the optical imaging system. In other cases the profile reconstructed by the phase evaluation
will either show batwing artifacts (1/4 < HWR < 1/2) or the edges will
appear blunt (HWR < 1/4). The analytical review is consistent with the
results obtained by numerical simulation in Chap. 3.2.1.

3.4. Experimental results
In the simulation periodic rectangular phase gratings with variable periods and heights are assumed. In practice, it is hard to produce such
gratings with well defined period and height. However, a resolution standard can be used for measurement, if it meets the following prerequisites:
• (a), the steps of the rectangular grating are vertical or at least nearly
vertical. By “nearly vertical” it is meant that the width of the step
(which is zero if the step is absolutely vertical) is considerably smaller
than the diffraction Airy disc diameter of the corresponding illumination. If the steps are not vertical, as it typically occurs in practice,
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measurement results of the grating, especially at edge positions, can
be completely different [XHW+ 16].
• (b), the period of the rectangular grating should cover the range of
large period to very small period, so that the transfer characteristic
can be determined over the necessary range. By “large” it is meant
that the rectangular grating has such a long period so that it can
be completely resolved by the corresponding optical imaging system,
which is approximately 4 to 6 times of the Rayleigh resolution according to VDI/VDE guideline 2655, Part 1.1 [VDI08]. “Very small
period” means that the period must be close or even below the resolution limit of the optical imaging system.
• (c), the height of the rectangular grating varies so that the HWR
value covers values from close to zero to unity. This is because of
the strong non-linearity of the ITF. Alternatively, the height of the
rectangular grating can be constant, if the illumination wavelength
is variable.
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The resolution standard RS-N manufactured by Simetrics GmbH provides a set of rectangular gratings with different pitch and height values [Sim09]. Fig. 3.23 shows a sketch of the RS-N standard. The gratings
are dry etched up to variable nominal depths, which produces nearly vertical sidewalls and meets the prerequisite (a). The pitch values range from

120 µ

Figure 3.23.: Sketch of the RS-N standard [Sim09].
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0.3 µm to 6 µm, which meets the prerequisite (b). The depth is about 190
nm in the wide grooves and becomes smaller in the narrow ones.
Table 3.2 shows an overview of the periods, and the corresponding
nominal depth and measured depth. The measured depths are provided
by PTB (Physikalisch-Technische Bundesanstalt, the national metrology
institute of Germany) and will be regarded as reference in this work.
Period

Nominal depth

Measured depth

0.3 µm

140 nm

138 nm

0.4 µm

150 nm

148 nm

0.6 µm

170 nm

169 nm

0.8 µm

170 nm

167 nm

1.2 µm

175 nm

175 nm

2 µm

185 nm

184 nm

3 µm

190 nm

188 nm

4 µm

190 nm

190 nm

6 µm

190 nm

191 nm

Table 3.2.: Description of the Simetrics RS-N standard [Nie16].
Several gratings were measured using a Linnik interferometer with
changeable LED light sources emitting at the effective wavelengths of
400 nm (UV LED), 480 nm (blue LED) and 620 nm (white LED). A
schematic experimental setup was given in Fig. 2.19. The NA of the
microscope objective lens is 0.55. The evaluation algorithm utilizes the
phase information of the interference signals.
Fig. 3.24 shows profiles resulting from simulation and measurement.
The rectangular grating has a period of 2 µm and a height of 184 nm. A
white light LED of λeff = 620 nm is used. Consequently, HWR = 0.30
results. Both, the simulation and measurement results agree and show
batwings. Additionally, due to diffraction, as it was predicted in the analytical review in Chap. 3.3, both numerical simulation and measurement
indicate a slight overestimation of the evaluated rectangular height, which
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Figure 3.24.: Comparison of profiles resulting from simulated and measured
correlograms [XLN12a], Λ = 2 µm, h0 = 184 nm, λeff =
620 nm, HWR = 0.30.
is approximately 193 nm. The evaluated height is calculated by the height
difference between the middle (not the average) of the top and bottom
plateaus.
Additionally, shadow effect occurs, i.e. the reflected light has different
intensities at top and bottom plateaus. This is because the acceptance
angle (which is the maximal angle of incident and reflected rays passing
through the optical system) on the bottom plateau does not correspond to
the NA of the microscope objective. Rays with high incident and reflected
angles are prevented by the step structure of the rectangular grating, especially at positions close to the edges on bottom plateaus. The smaller the
period and the larger the height of the grating is, the greater is the difference of the acceptance angle between the top and bottom plateau. Consequently the measurement results show different widths of the plateaus and
different strength of the batwing effect. In the simulation, this difference
of acceptance angle at top and bottom plateau is not considered.
Another comparison of profiles resulting from simulated and measured
correlograms is shown in Fig. 3.25. The period and height of the grating is
4 µm and 190 nm respectively. A blue LED with an effective wavelength of
λeff = 480 nm is used as the light source. Therefore, HWR = 0.40 results.
The profiles resulting from simulation and measurement show overall reduced batwings compared to Fig. 3.24, since the HWR value is closer to
0.5. However, the simulation shows slight and symmetric batwings, while
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Figure 3.25.: Comparison of profiles resulting from simulated and measured
correlograms [XLN12a], Λ = 4 µm, h0 = 190 nm, λeff =
480 nm, HWR = 0.40.
the measurement result displays slight batwings at the bottom edge but
strong batwings at the top edges. Additionally, slight differences of the
width of top and bottom plateaus in the measurement results is present.
Again, this is due to the shadow effect. An unsymmetrical illumination
(ideally the illumination should be symmetrically cone-shaped) contributes
to the unsymmetrical batwings at the left and right edge positions in the
measurement result. The evaluated height of the rectangular grating in
simulation and measurement is approximately 193 nm and 189 nm respectively, both of which are close to the real height. As it was predicted in
the numerical simulation and in the analytical review, the measurement
results show batwings since 1/4 < HWR < 1/2.
Furthermore, both, the numerical simulation and the analytical review
indicate blunt edges and consequently underestimated height of the rectangular grating, assuming HWR < 1/4. Fig. 3.26 shows measurement results
of a rectangular grating with Λ = 0.8 µm and h0 = 167 nm. This measurement is performed using a Linnik interferometer with 100x magnification
and a NA of 0.9. A red LED with a center wavelength of 628 nm is used
for illumination. Due to the NA effect [MR63, Cre89, SL95], which will be
considered in the modelling in later chapters, an effective wavelength λeff
of approximately 800 nm and consequently HWR = 0.21 results. Both,
the envelope and the phase evaluation do not reproduce the rectangular
shape, since the profile with period of 0.8 µm is close to the resolution limit
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Figure 3.26.: Measurement results of a rectangular grating, Λ = 0.8 µm,
h0 = 167 nm, λeff = 800 nm, HWR = 0.21.
of the optical system. The profile resulting from the envelope evaluation
shows an overestimation of the profile height and is consistent with the
numerical simulation results shown in Fig. 3.13, in which the ITF curve
at HWR = 0.20 shows a hump before the period drops to the Rayleigh
resolution limit. The phase evaluation shows a sinusoidal shape with an
underestimated PV value of 113 nm, which proves the statement from simulation as well.
Finally, Fig. 3.27 shows the result of a grating with a height of 169 nm
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Figure 3.27.: Measurement results of a rectangular grating [XLN12a], Λ =
0.6 µm, h0 = 169 nm, λeff = 400 nm, HWR = 0.42.
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and a period of 600 nm, which is close to the resolution limit. This grating
was measured with a Linnik interferometer with NA = 0.55 and a UV LED
emitting at a effective wavelength of 400 nm in order to achieve a high lateral resolution of 0.44 µm according to the Rayleigh criterion [NL11]. Both,
simulation and measurement results reproduces the rectangular shape well
and indicate the same PV value.

3.5. Conclusion
This chapter presents a qualitative study of the nonlinear transfer characteristic of white light interferometers with regard to HWR values and
batwings in envelope and phase evaluation. Numerical simulations on example of rectangular gratings, chromium structures on a glass substrate
and rough surfaces are performed. By simulation a series of white light
interference patterns which correspond to those patterns recorded by the
CCD camera of the interferometer during the measurement process is calculated. Each pattern is assumed to arise from incoherent imaging. Hence,
diffraction is taken into account by multiplying the 2D-Fourier transform of
a raw interference pattern and the OTF of the microscopic imaging system
in spatial frequency domain and inverse Fourier transform of the resulting
product back into the spatial domain. This results in optically low-pass
filtered interference patterns. A complete stack of simulated CCD images
results, if the optical path length of the measuring arm of the interferometer changes in small steps. Such an image stack is then evaluated by the
same algorithms as the experimental data in practical applications.
Simulation results on rectangular grating have shown strong nonlinear
transfer characteristic, which is not only dependent on the properties of
the instrument, but also on the surface structure itself. However, the simulation results demonstrate that in principle the correct profile shape and
the correct amplitude can be obtained until the lateral resolution limit is
reached and the surface structure is no longer optically resolved. A useful
parameter to study the measurement of step height structures using white
light interferometry is the HWR value, which is the ratio of the step height
to the effective wavelength λeff . In this chapter full spatial coherence is
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assumed in simulation, therefore, λeff ≈ λ0 results3 . In further chapters,
the spatial coherence will be more realistically considered by calculating
several rays of different incident angles separately.
If HWR ≈ 0, i.e. the height is much smaller than the illumination
wavelength, the height-modulated phase grating behaves as an intensitymodulated amplitude object and the interference intensity is proportional
to the object height. If the HWR value is close or equal to 1/4 or 3/4,
maximal batwings appear in the results of envelope evaluation, while it
disappears at HWR = 1/2 or HWR = 1. Furthermore, both, numerical
simulation and analytical review indicate that the rectangular grating can
be correctly reconstructed by phase evaluation, if the HWR value is an
integer multiple of 1/4. For HWR < 1/4, profiles resulting from phase
evaluation show blunt edges and the ITF value is smaller than unity4 . For
1/4 < HWR < 1/2, batwings occur in the phase evaluation and the ITF
value is greater than unity. Hence, by adapting the center wavelength
batwing artifacts could be avoided and the rectangular grating can be correctly reconstructed.
Measurements were made by a Linnik interferometer using changeable
LED illumination of different center wavelengths. A Simetrics RS-N resolution standard with several rectangular grating of different height and period
values is used. Satisfying agreement of the simulated and experimental results is achieved, if diffraction is considered in the simulation. In practical
application, there will be some further influence, which our approach does
not take into account. Chromatic aberration plays an important role in
white light interferometry, which will be considered in the next chapter.
Also the influence of the shadowing effects on bottom plateaus resulting
from the obscuration by sidewalls of the rectangular structures can be simulated after spatial coherence is considered in later chapters. Polarization
may have significant influence on measurement results [LX15], which is not
considered so far.
Additionally, a rectangular phase object having inhomogeneous reflecting characteristics, e.g. chrome on a glass substrate, is studied by simulation concerning the transfer characteristics. Simulation results indicate
different widths of the top and bottom plateaus. The lateral resolution decreases compared to a homogeneously reflecting rectangular grating with
3

Actually, in case of NA = 0.55, the effective wavelength is approximately 9% larger than the center
wavelength λ0 of a Gaussian-shaped spectrum [XHW+ 16].
4
Of course, the ITF value is approximately unity, if the period is large enough.
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the same height profile.
Finally, simulation results of rough surfaces show an overestimation of
the RMS value due to the batwing effect, if the correlation length of the
roughness profile is small and consequently high slopes and high spatial
frequencies are present.
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4. Dispersion effects and their
reduction
In Chap. 3 diffraction effects were studied on example of rectangular gratings under the assumption that no dispersion occurs in the optical
imaging system. However, since the dispersion in an optical system can
not be completely compensated over the total field of view, there are some
limitations in practice, e.g., if tilted surface areas or small radii of curvature
are to be measured. Dispersion effects occur in white light interferometers
and lead to height errors. This chapter analyses dispersion effects and
introduces approaches to their reduction and calibration in white light interferometry.
A mathematical modelling of dispersion is introduced at first. Dispersion effects arising on different sinusoidal gratings are studied by simulation. Simulation results are compared to experimental measurements
subsequently. After that, approaches to reduce field-dependent errors due
to lateral color, which is a consequence of dispersion, are introduced. One
approach is to compensate dispersion physically by adding several correcting lenses to the optical system. Another approach is to calibrate the
measurement instrument and then to correct the dispersion errors numerically.

4.1. Introduction
Chromatic aberrations are wavelength-dependent artifacts caused by
dispersion, since the refractive index of optical materials varies with the
wavelength. In visible spectrum blue light is refracted to the greatest extent followed by green and red light. A well-known example is that a glass
prism splits white light into rainbow colors. In an optical imaging sys-
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tem, dispersion degrades lens performance when a lens is either unable to
focus all wavelengths on the same focal plane (axial color, also named longitudinal/axial chromatic aberration), or rays of different wavelengths are
focused at different lateral positions in the focal plane (lateral color, also
named transverse/lateral chromatic aberration). Both axial and lateral
color are illustrated in Fig. 4.1. Lenses with axial color show color fringes
around objects throughout the image, even in the center, while lateral color
is only visible towards the corners of an image because the magnification
of the image changes with the wavelength.

Lateral color

Axial color

Figure 4.1.: Schematic illustration of axial and lateral color
Chromatic aberration can be reduced by coupling two lenses with refractive indexes, e.g. crown and flint glass. Other approaches to reduce
dispersion have also been developed, inter alia, many types of low dispersion glass, most notably, glass containing fluorite or rare earths has
been used [Smi06, Sha97]. In reality, dispersion can not be completely
removed and results in permanent loss of some image detail. However, detailed knowledge of the optical system allows to reduce dispersion effects
by digital post-processing further, which in ideal situation involves scaling
the fringed color channels or subtracting some of a scaled version of the
fringed channel to make sure that all channels spatially overlap each other
correctly in the final image [KM00].
Fig. 4.2 shows an example of optical path difference (OPD) corresponding to an object point on the optical axis for different wavelengths at
the entrance pupil. The abscissa px is the normalized x-pupil coordinate
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Figure 4.2.: Optical path difference (OPD) starting from the object point
on the optical axis for different wavelengths at the entrance
pupil of an optical system, which is the difference between the
optical path length of the corresponding ray and the chief ray.
The color of the curves stands for the wavelengths.
between -1 and 1. Each color of the curve represents a wavelength. Since
the OPD indicates the difference between the optical path length (OPL) of
the corresponding ray and the chief ray, the OPD at px = 0 is constantly
zero. Fig. 4.2 is field-dependent. Usually, the OPD related to an object
point away from the center of the field of view becomes higher and therefore, the loss of image quality at the edge of an image may become critical
due to lateral color.
SWLI utilizes optical microscopic imaging devices and therefore suffers from dispersion effects. Reduction of dispersion in optical imaging of
amplitude objects means improvement of image quality. In SWLI where
height-modulated phase objects are to be measured it means more accurate reproduction of the height profile. Dispersion in SWLI emerges from
differences in the optical path length in glass between the measuring and
reference arm. This occurs, for example, if different objective lenses are
used in a Linnik interferometer. Other optical elements like beam splitter
cubes or plates may also lead to dispersion effects [PS01, Leh06, BSO07].
Fabrication limitations are often the reason of geometric imperfection of a
beam splitter cube regarding to flatness, angularity and edge length. As a
consequence, measurement errors of profile heights result. Similarly, axial
and lateral color results in field-independent and field-dependent measure-
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ment errors in SWLI, respectively.
In order to explain how axial and lateral color influences interferometric measurements, the illumination in the pupil plane is analyzed. Fig. 4.3
illustrates how the pupil illumination affects axial color on example of a
Mirau objective. It is assumed that the incident bundle of rays illuminates
the pupil plane uniformly and the object height is one-dimensionally modulated along the x0 -axis. Additionally, the curvature radius of the surface
is comparably small with respect to the Airy disc radius. In case of a
convex surface curvature, as shown in Fig. 4.3a, the reflected light cone is
firstly broadened due to diffraction on surface and then partly obscured by

Apertur
stop

Reference
mirror

Beam
splitter

(a)

x0
py

py

px

px
(c)

x0

(b)

(d)

Figure 4.3.: Pupil illumination affecting axial color in interferometric measurement [Leh10]. (a) and (b) are schemes of ray bundle propagation through a Mirau objective assuming a convex and a
concave surface curvature, respectively; (c) and (d) show the
pupil illumination corresponding to (a) and (b), respectively.
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the reference mirror and the aperture stop. The pupil illumination barely
change due to the obscuration. However, the amplitude of the object arm
decreases and a lateral shift of the object and reference arm occurs. Fig.
4.3c shows the corresponding pupil illumination. The pupil illumination
from the reference arm is independently uniform and is characterized by
the two red cycles, one of which indicates the reference mirror and the
other the aperture stop. The pupil illumination from the object arm is
extended due to the broadening and the shape becomes elliptical marked
by the two yellow ellipses. The dark area represents the obscuration, which
is maximal along the px -axis and decrease gradually turning to the py -axis.
The obscuration vanishes along the py -axis, since the object height is not
modulated in y0 direction. In Fig. 4.3b a concave surface curvature is
assumed, instead of being broadened, the reflected cone of rays shrinks.
Consequently, the pupil is only partly illuminated as shown in Fig. 4.3d.
In both cases the pupil illumination of the reference and the object arm
does not overlap completely and this leads to an additional OPD depending
on the obscuration, therefore, on the curvature of the object. The smaller
the radius of curvature is, the more the broadening and shrinking will be.
The more the obscuration is, the larger its influence on axial color may be.
Furthermore, Coupland examined the field-independent chromatic errors using linear systems theory based on OTF and PSF [Cou14]. These
errors result if, for example, the axial position of the reference mirror is
misaligned. Under the assumption that the surface is smooth at the optical scale providing that the effect of multiple scattering is negligible, the
response of surface measuring instruments can be described as a linear filtering operation. Consequently, the effect of chromatic aberrations can be
integrated into the linear theory and the effect of aberration can be reduced
through a calibration and adjustment procedure.
While axial color is dependent on surface curvature but fieldindependent, lateral color is dependent on surface tilt and field position.
Fig. 4.4 illustrates how the pupil illumination affects lateral color caused
by surface tilt. Again, it is assumed that the incident pupil illumination
is uniform and the surface tilt is one-dimensional along x0 -axis. Instead of
being broadened or shrunk, the cone of rays rotates through an angle two
times the surface tilt angle. Consequently, the pupil illumination from the
object arm is partly obscured by the reference mirror while part of the pupil
plane is unilluminated. The deviation between the pupil illumination from
the reference and object arm depends on the tilt angle. Since the OPD
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at the entrance pupil is field-dependent, lateral color is field-dependent as
well.

py

Apertur
stop

Reference
mirror

px
(a)

x0

Beam
splitter

(b)

Figure 4.4.: Pupil illumination affecting lateral color in interferometric
measurement [BSO07, Ber12]. (a) Scheme of ray bundle propagation through a Mirau objective assuming a tilt surface; (b)
corresponding pupil illumination of (a).
Field-dependent errors caused by lateral color can also be corrected
by calibration, if the effect of lateral color is known. A contribution concerning measurement errors of mirrorlike, tilted objects in white light interferometry cause by chromatic aberration was made by Berger et al.
[BSO07,Ber12]. A physical modeling considering the unsymmetrical illuminated pupil plane caused by tilted objects makes use of the field-dependent
optical path length for different wavelengths through the optical system to
simulate the dispersion effects. The measurement results can be calibrated
using simulation results, which is especially of interest if the chromatic
aberrations in the optical system cannot be eliminated totally.
Fig. 4.5 shows a calotte standard manufactured by PTB [VDI] which
can be used to characterize the influence of lateral color depending on surface slope and to calibrate the instrument. The characteristic data of the
calotte geometry is displayed in the figure. d is the calotte height with respect to the reference plane, D and R is the width and radius of the calotte,
respectively. Ψ is the inclination angle at any point on the calotte. The
calotte has a height profile as illustrated by the black circular arc. The red
curve indicates a possible measurement result of the calotte, which shows
a systematical deviation growing outwards. The measurement error ∆h is
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Figure 4.5.: Illustration of height deviation of a calibration standard of a
calotte structure caused by dispersion.
zero in the center and maximal at the margin of the calotte.
As mentioned before, dispersion effects in optical imaging of intensitymodulated amplitude objects can be reduced physically through optical
design optimization including application of low dispersion glass. Also
numerical post-processing can achieve a reduction of dispersion phenomena. Similarly, dispersion reduction will be achieved in SWLI measurements by physical improvement of the optical design and by numerical
post-processing, or in this case, calibration. In the former procedure, additional lenses are applied to reduce aberration and dispersion caused by a
beam splitter cube in a Michelson interferometer. In the latter procedure,
numerical simulations are performed so that the dispersion effects can be
studied and results of the numerical simulations provide a theoretical bases
for a instrument calibration [LKX14]. Both approaches are introduced in
Sect. 4.3.

4.2. Dispersion effects in white light
interferometry: theory, simulation and
experimental results
In this section dispersion effects are studied in detail. Firstly, a numerical simulation method is introduced and the results of simulation are
discussed subsequently. Axial and lateral color can be simulated indepen-
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dently. Sinusoidal phase objects are ideal for dispersion studies, since the
dispersion effects are dependent not only on slope, but also on curvature.
Different amplitudes and periods are assumed in order to study axial and
lateral color separately. After that, measurement results for sinusoidal
gratings of the same parameters are shown.
Omitting any proportionality coefficients and assuming ϕ(k) = 0 in Eq.
3.8, the AC part of an interference signal without considering dispersion
can be formulated as shown in Eq. 4.1
Z +∞
∆I(x, ∆z) =
S(k) cos[2k(h(x) + ∆z)]dk.
(4.1)
−∞

x is again the axis in the image plane corresponding to x0 . Assuming the optical system suffers from dispersion and zd (x) represents
the chromatically uncorrected geometrical path length, Eq. 4.1 changes
to [PS04, Leh10, LKX14]
 h
Z +∞
i
∆I(x, ∆z) =
S(k) cos 2k h(x) + ∆z
−∞

h
i
(4.2)
+ 2k n (k) − n0 · zd (x) dk.
{z
}
|
Dispersion term

The dispersion term in Eq. 4.2 indicates the phase difference caused by
the optical path length depending on the wavelength. n(k) is the refractive
index dependent on the wavenumber k. Fig. 4.6 shows an approximation
of n(k) of optical glass BK7 by linear regression within the used wavelength
range from 400 nm to 800 nm.
Therefore,
n(k) = n0 + αk (k − k0 ),
(4.3)
where αk indicates the slope of the refractive index with regard to the
wavenumber. According to the linear regression, αk = 0.0025 µm results.
Assuming the spectral density function of the illumination S(k) follows
the Gaussian distribution, substituting S(k) and n(k) by Eq. 3.7 and 4.3
results in
Z +∞

1
2
2
∆I(x, ∆z) = √
exp{−dk 0 } cos ak 0 + bk 0 + c dk 0 ,
(4.4)
2π∆k −∞
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Figure 4.6.: Approximation of the wavenumber-dependent refractive index
of BK7.
where k 0 = k − k0 and,
a = 2αk zd (x),


b = 2 h(x) + ∆z + 2αk k0 zd (x),


c = 2k0 h(x) + ∆z ,
d=

(4.5)

1
.
2∆k 2

The cosine function in Eq. 4.4 can be substituted by the corresponding
complex exponential function according to Euler’s formula. The exponent
is then further developed using “completing the square”. After that, the
residual part resulting of the Binomial square is independent on the integration variable k 0 and can be placed in front of the integral.
According to the Leibniz integral rule [AS64], it follows,
r
Z +∞
π
b0 2
2
exp{−
},
(4.6)
exp{−a0 x } cos(b0 x)dx =
a0
4a0
−∞
where a0 and b0 are x-independent parameters and <{a0 } > 0.
The exponential part dependent on the integration variable can be
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calculated according to Eq. 4.6. Consequently, Eq. 4.4 becomes


2
1
1
−b
d
∆I(x, ∆z) = √
(a2 + d2 )− 4 exp
4(a2 + d2 )
2∆k


a −ab2 + 4cd2 + 4a2 c
1
· cos
arctan +
.
2
d
4(a2 + d2 )

(4.7)

Applying Eq. 4.5 in Eq. 4.7, it follows [PS04, Leh10, LKX14]

2 2
1

2∆k
ξ
−
∆I(x, ∆z) = 1 + η 2 4 exp −
1 + η2

2η∆k 2 ξ 2 1
+ arctan η
· cos 2k0 [h (x) + ∆z] −
1 + η2
2
 h

i2
!2
− 1
1
 4 h(x) + ∆z + k0 αk zd (x)

p
= 1 + η 2 4 exp −

lc 2
1 + η2













 
2
2
 2η∆k ξ
1
+ arctan η
· cos 2k0 h (x) + ∆z −


1 + η2
2

|
{z
}






∆ϕdisp ≈ 0
where

(4.8)

ξ = h(x) + ∆z + k0 αk zd (x),
2

η = 4αk ∆k zd (x) and ∆k =

√

2

(4.9)

.
lc
Apparently, comparing to Eq. 3.12, which involves no dispersion, Eq.
4.8 is more complicated but similarly keeps the formulation of a product of
a Gaussian envelope and a cosine function. Fig. 4.7 displays the interferograms with and without dispersion and their envelopes according to Eq.
3.12 and Eq. 4.8, where zd = 20 µm is assumed. Both Eq. 4.8 and Fig.
4.7 show the following dispersion effects [PS04, Leh10]:

Intensity change (a. u.)
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Figure 4.7.: Interferograms (AC part) with and without dispersion and
their envelopes.

− 1
• Loss of interferogram contrast. The factor 1 + η 2 4 in front of
the exponential function is smaller than unity. The greater the uncorrected geometrical path length zd is, the higher the loss of the
interferogram contrast will be, since η is proportional to zd .
• Broadening and asymmetry of the correlogram. The exponential
function of Eq. 4.8 has an additional factor in the exponent
 p
2
p
1/ 1 + η 2 , which indicates a broadening of 1 + η 2 of the envelope. Additionally, the correlogram becomes asymmetrical.
• z-shift of the envelope. An additional summand in the exponential
function gives a shift of k0 αk zd to the envelope proportional to the
uncorrected geometrical path length zd .
• Almost no change of phase. The phase of the interferogram hardly
changes in spite of dispersion, since ∆ϕdisp ≈ 0. In case of small zd
value, small envelope shift does not lead to an incorrect fringe order
determination, therefore, the result of phase evaluation is not affected
by erroneous envelope evaluation. In Fig. 4.7, a high dispersion of is
zd = 20 µm intentionally assumed so that clear dispersion effects can
be observed. Erroneous phase evaluation due to phase jumps will be
the consequence in this case.
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As illustrated in Sect. 4.1, in case of an uncorrected OPD at entrance
pupil, pupil effects lead to an additional equivalent OPD between the reference and object arm. The resulting OPD is dependent on surface curvature
in case of axial color, while for lateral color it is dependent on the surface
tilt and the field position. Equivalently, the uncorrected geometrical path
length zd in Eq. 4.2 meets the same condition. Therefore, one may assume:
zd (x) = zd,ax (x) + zd,la (x),

(4.10)

where zd,ax (x) and zd,la (x) indicate the part from axial and lateral color.
Additionally,
zd,ax (x) = αax · κ(x),
zd,la (x) = αla · (x − xOA ) · h0 (x),

(4.11)
(4.12)

where αax and αla are the parameters; κ(x) and h0 (x) indicate the surface
curvature and slope, respectively; xOA is the x-coordinate of the optical
axis, which is in practice not necessarily the center of the field of view.
The simulation follows the steps shown in Fig. 3.5 and considers dispersion. Sinusoidal height profiles are appropriate for this simulation, since
the curvature and the slope of the profile change continuously. SWLI signals are typically evaluated based on two features: the envelope position,
also named coherence peak, and the phase information. As theoretical
analysis has demonstrated that the result of envelope evaluation is much
more sensitive to dispersion effects while the phase information is nearly
unaffected. The phase evaluation suffers from phase jumps if the error
of envelope evaluation exceeds ±λ0 /4, which leads to an incorrect determination of the fringe order. Those phase jumps can be removed by an
unwrapping algorithm if the surface height is continuous within an interval
±λ0 /4. Since a sinusoidal height profile is used, the (unwrapped) phase
evaluation can be treated as correct. Consequently, the difference of results obtained from envelope and phase evaluation can be used to estimate
the axial and lateral dispersion.
Fig. 4.8 displays the simulation results of a sinusoidal grating with
period Λ = 8 µm and PV value h0 = 0.2 µm. The following parameter
values are set: αax = −40 µm2 and αla = 0.6. In Fig. 4.8a the sinusoidal
profiles obtained from envelope, phase and unwrapped phase evaluation
are shown. The envelope evaluation indicates an overestimated PV value,
while the phase evaluation shows some phase jumps at both margins of the
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Figure 4.8.: Illustration of axial color by simulation of sinusoidal profiles,
NA = 0.5, λ0 = 0.58 µm, Λ = 8 µm and h0 = 0.2 µm. (a)
Sinusoidal profiles obtained from SWLI interference signals.
Offsets are added to the results in order to separate them;
(b) Difference between results obtained from envelope and unwrapped phase evaluation.

field of view. The phase evaluation followed by unwrapping corrects these
phase jumps. In Fig. 4.8b the height difference of the profiles obtained
from envelope and unwrapped phase evaluation is presented. Apparently,
axial color is dominant in this case, as the height differences are maximal
at maximum curvature of the profile, where a minimum radius of curvature
of 16.2 µm occurs. However, errors caused by lateral color grow outwards
from the optical axis located at the middle of the field of view.
Fig. 4.9 shows measurement results obtained by a chromatically corrected white light interferometer using a 50x Mirau objective with a NA of
0.5 [Leh10]. The light of a white light LED is filtered by a spectral bandpass filter which has a center wavelength of 580 nm. A specularly reflecting
sinusoidal surface standard (Rubert 542) of period Λ = 8 µm and height
h0 = 0.2 µm is measured. The surface standard is modulated along the xaxis and has constant height values along the y-axis. The evaluation results
of the interference signal of a single line of the CCD camera are shown. The
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Figure 4.9.: Sinusoidal standard (Rubert 542) measured by a Mirau interferometer [Leh10], NA = 0.5, λ0 = 0.58 µm, Λ = 8 µm and
h0 = 0.2 µm.

profile obtained from the envelope evaluation has an overestimated height,
while a correct determination of the sinusoidal surface results from the
phase evaluation. Since the imaging system is well corrected with respect
to chromatic aberrations, only a slight height difference between envelope
and phase evaluation results. Additionally, the phase evaluation shows the
same result as the unwrapped phase evaluation i.e. no phase jumps occur.
Furthermore, the differences shown in the lower diagram are maximal
at maximum curvature of the sinusoidal geometry. These differences grow
outwards from the center of the field of view, where lateral color becomes
larger. In summary, the simulation and experimental results in Fig. 4.8
and Fig. 4.9 are consistent. The minimum radius of curvature is about
16.2 µm. Both results show effects of axial and lateral color, while axial
color is dominant here.
Fig. 4.10 shows experimental results obtained by a Linnik interferometer using 100x objectives with a NA of 0.9. A short-wavelength blue LED
is used to improve the lateral resolution. The measurement object is a sinusoidal surface standard (Rubert 543) of period 2.5 µm and height 0.12 µm.
Due to the NA effect, the effective wavelength is 0.56 µm and is about 20%
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Figure 4.10.: Sinusoidal standard (Rubert 543) measured by a Linnik interferometer, NA = 0.9, λeff = 0.56 µm, Λ = 2.5 µm and
h0 = 0.12 µm.

higher than the nominal wavelength. The results of phase evaluation show
no phase jumps and agree with the results including unwrapping. Similar
effects of axial and lateral color can be observed. The maximal error of
envelope evaluation occurs at maximal curvature of the profile due to axial
color. Additionally, the lateral color gives rise to a gradual increase of the
error from the center outwards.
Eq. 4.12 indicates that the uncorrected geometrical path length zd,la
due to lateral color is proportional to the field position. If the field of view
becomes larger, field-dependent lateral color will be more significant under
the same conditions. Fig. 4.11 shows simulation results of a sinusoidal
grating of 100 µm period and 1 µm height difference. The values assigned
to the dispersion parameters αax and αla are the same as in Fig. 4.8. The
measurement results of the same sinusoidal surface (Rubert 531) obtained
by a white light interferometer using a 20x Mirau objective with a NA of
0.4 are displayed in Fig. 4.12.
Simulation and measurement results agree quite well. The results obtained from envelope evaluation show an overestimation of the PV value,
both in the simulation and measurement. The phase evaluation in both,
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Figure 4.11.: Illustration of lateral color by simulation of sinusoidal profiles,
NA = 0.4, λ0 = 0.58 µm, Λ = 100 µm and h0 = 1 µm.
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Figure 4.12.: Sinusoidal standard (Rubert 531) measured by a 20x Mirau
interferometer, NA = 0.4, λ0 = 0.58 µm, Λ = 100 µm and
h0 = 1 µm.
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simulation and measurement, results in phase jumps at both margins of
the field of view, since the error in envelope evaluation caused by lateral
color exceeds ±λ0 /4 as a consequence of large distance to the optical axis.
The minimum radius of curvature is approximately 500 µm, which is much
higher than it is in case of the sinusoidal standard Rubert 542. Consequently, the error resulting from axial color in the envelope evaluation is
very small, as it can be seen at the position of the optical axis. Instead,
the lateral color is dominant here. Therefore, the difference of the envelope
and the unwrapped phase evaluation shows an apparent increase outwards
from the center of the field of view. Additionally, both in simulation and
measurement results the height difference is maximal at positions of high
surface slope.

4.3. Reduction of dispersion effects and
calibration
As shown above, dispersion effects in white light interferometry lead
to systematical measurement errors. The envelope position is quite sensitive to disturbing effects caused by chromatic aberration. Axial color gives
rise to field-independent errors related to the surface curvature, while lateral color results in errors dependent on the field position and the surface
slope. In order to reduce measurement errors caused by dispersion, two
approaches are introduced. Firstly, an optical design using additional corrective lenses for a Michelson interferometer is analyzed by the commercial
ray-tracing software “Zemax”. Subsequently, experimental measurements
verify the improved optical system. Secondly, a numerical calibration approach based on the mathematical model in Sect. 4.2 is introduced. This
approach can be applied to experimental measurements suffering from dispersion effects.

4.3.1. Physical dispersion compensation
Dispersion effects occur, if, for example, an additional glass plate is
brought into the object path of a perfect imaging system. In a Michelson
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interferometer, the beam splitter cube leads to measurement errors, if dispersion is not compensated by the objective or tube lens. The ray-tracing
software Zemax is used to evaluate the imaging dispersion caused by the
beam splitter cube. Subsequently, additional lenses are introduced and optimized to compensate for the dispersion.
A complete setup of the Michelson interferometer with corrective lenses
has already been shown in Fig. 2.18. Fig. 4.13 illustrates a schematic
sketch of the interferometer without corrective lenses. An ideally perfect
paraxial lens with a focus length of 40 mm and a NA of 0.14 is assumed,
which represents an apochromatically corrected objective lens with the
same focus length and NA in the experimental setup.

Figure 4.13.: Schematic sketch of the Michelson interferometer without corrective lenses, NA = 0.14, λ0 = 530 nm.
The spot diagrams for the wavelengths of 480 nm, 530 nm and 580 nm
corresponding to the spectral range of the green LED used in the measurement are displayed in Fig. 4.14. The spot diagram indicates bundles of
0 mm, -1 mm

0 mm, 0 mm

0 mm, 1 mm
480 nm

530 nm
580 nm
RRMS=2.373 µm RRMS=1.922 µm RRMS=2.373 µm

Figure 4.14.: Spot diagrams for wavelengths of 480 nm, 530 nm and 580
nm at different field positions.
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rays through the system to the specific surface to show ray distributions
without consideration of diffraction. In the absence of aberration, a point
object will converge to a perfect image point. Therefore, Spot diagrams
give a good estimation of wavefront aberrations. The spot diagrams show
clearly a coma aberration at the field positions of (0 mm, -1 mm) and
(0 mm, 1 mm) and some spherical aberration at the position of the optical
axis. The rms radius RRMS indicates the averaged size of the spot diagram.
At the off-axis positions RRMS is larger than in the center due to additional
aberrations. Furthermore, a clear deviation of the ray distribution of different wavelengths reveals the presence of lateral color in this configuration
and this could be an indication of dispersion effects arising in context with
measurements.
Fig. 4.15 shows the MTF curves. The black curve is the ideal diffraction limited MTF, which indicates the best performance that can be theoretically achieved. The blue and red curves demonstrate the on- and
off-axis MTF in the sagittal plane.
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Figure 4.15.: MTF curves of the Michelson interferometer without corrective lenses.
The on- and off-axis MTF deviate from the diffraction-limited MTF
due to the aberration caused by the beam splitter cube. In practice, these
MTF curves are worse since the objective and tube lens also suffer from
aberration.
The aberrations in Fig. 4.14 arise from the disturbance of the spherical wavefront propagation. Consequently, an aberration compensation can
be achieved, if additional lenses are attached to the beam splitter cube so
that the wavefront keeps spherical while it propagates. Therefore, a plano-
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convex and two plano-concave lenses are used, as shown in Fig. 4.16.
For the sake of practicality, only commercially available lenses are applied in the Zemax simulation, which are also used in the experimental
setup [KXL13, LKX14]. Consequently, residual aberrations result.

Figure 4.16.: Schematic of the Michelson interferometer with one planoconvex and two plano-concave lenses, NA = 0.14, λ0 =
530 nm.
Fig. 4.17 and 4.18 display the spot diagrams and the MTF curves,
respectively. In Fig. 4.17, the rms Radius of the spot diagrams decreases
significantly, which indicates an efficient compensation of wavefront aberration. Additionally, a notable reduction of dispersion is achieved, since
the traces of bundles of different wavelengths overlap. The on- and off-axis
MTF curves in Fig. 4.18 are improved to be very close to the diffraction
limit. Experimental measurement results are shown in Sect. 4.3.2.3, where
the calibration and numerical compensation approach is employed.
0 mm, -1 mm

0 mm, 0 mm

0 mm, 1 mm
480 nm

530 nm
580 nm
RRMS=0.954 µm RRMS=0.554 µm RRMS=0.954 µm

Figure 4.17.: Spot diagrams for wavelengths of 480 nm, 530 nm and 580
nm at different field positions.
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Figure 4.18.: MTF curves of the Michelson interferometer with corrective
lenses.

4.3.2. Numerical dispersion compensation
Simulation and measurement results in Sect. 4.2 show that the systematical errors occur due to dispersion effects and lateral chromatic aberration
of the optical imaging system. While the envelope evaluation suffers from
these characteristic errors dependent on the field position and surface slope,
the phase evaluation suffers from phase jumps if the former errors exceed
±λ0 /4. Since the errors can be mathematically estimated, a numerical error compensation approach can be made. Consequently, phase jumps in
the phase evaluation can be eliminated. Axial color is not considered in
calibration and numerical compensation approaches.

4.3.2.1. Calibration approach
According to Eq. 4.8, the errors due to shift of the envelope of the
interference signal takes the form
∆h(x) = k0 αk zd (x)
= k0 αk αla · (x − xOA ) · h0 (x)
= α0 · (x − xOA ) · h0 (x)

(4.13)
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with
α0 = k0 αk αla .

(4.14)

Height diff. (nm)

Height (µm)

α0 is a model parameter indicating the error amount. If α0 , xOA and h(x)
are known, the resulting envelope shift ∆h(x) can be directly obtained. α0
and xOA can be determined by a calibration procedure. As an appropriate
calibration standard for the white light interferometer, any specular object
which shows local surface slopes below the tilt angle limitation given by
the numerical aperture of the objective lens can be used. An already calibrated calotte (i.e. the surface geometry is already known) as shown in
Fig. 4.5, for example, can be used for a calibration procedure of a white
light interferometer.
The calibration standard of a calotte structure for dispersion compensation with a radius R of 97.72 µm and a chord length D of 54 µm will be
manufactured by PTB but currently is not available. The maximal inclination angle is 16◦ and therefore is appropriate for white light interferometer
of high NA as well. In the following the calibration procedure is illustrated.
The calotte profiles obtained from simulation and the error of the envelope
evaluation of the calotte standard are shown in Fig. 4.19.

2
Envelope eval.
Phase eval. (unwrapped)
0
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Figure 4.19.: Calotte profiles obtained from simulation and the error of the
envelope evaluation. NA = 0.4, λ0 = 0.58.
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The calotte geometry can be mathematically formulated as:
p
h(x) = R2 − x2 .

(4.15)

Therefore,

1
−x
≈ − x.
(4.16)
R
R2 − x2
The approximation in Eq. 4.16 can be made, since |x| ≤ D/2 and
2
R  x2 results. Consequently,
h0 (x) = √

∆h(x) = α0 · (x − xOA ) · h0 (x) ≈ −

α0
x(x − xOA )
R

(4.17)

Additionally, the measured errors obtained from the envelope evaluation can be approximated into following equation:
∆h(x) = ax2 + bx,

(4.18)

where a and b are parameters. After the determination of a and b, α0 and
xOA can be calculated by comparison of the coefficients of Eq. 4.17 and
4.18:
α0 = −aR,

(4.19)
b
xOA = .
a
The simulation assumes αla = 0.6 and xOA = 10 µm. According to Eq.
4.14, α0 = 0.0162 results. However, according to Eq. 4.19, α0 = 0.0165
results. This seems contradictory, but actually it is not. αla = 0.6 is prescribed on purpose to simulate the measurement. The slight deviation is
due to numerical procedure, especially the determination of the image intensity by Fourier transform according to Eq. 3.16 suffers from numerical
errors at the image borders, if the object surface is not periodic. xOA can be
read either from the quadratic approximation, since ∆h(x = xOA ) = 0, or
calculated according to Eq. 4.19. Consequently, xOA ≈ 9.8 µm results. In
an experimental calibration, the numerical errors due to Fourier transform
do not exist, however, there may be other sources of errors, e.g. wavefront
aberration, misalignment, etc.
Another calibration standard appropriate for dispersion compensation,
which is commercially available, is a sinusoidal standard. The determination of αla and xOA = 10 µm differs from the above case. In the following
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Height diff. (nm)

the calibration procedure is simulated. Taking the simulation from Fig.
4.11 as an example, eliminating the axial color by assigning αax to be zero,
the height error obtained in the envelope evaluation ∆h(x) is shown in Fig.
4.20.
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Figure 4.20.: Calibration of lateral color using a sinusoidal standard according to the error of the envelope evaluation, NA = 0.4,
λ = 0.58 µm.

The height error is filtered by a Gaussian filter in the frequency domain.
Subsequently, a linear asymptote (the solid red line) can be calculated by
an linear regression of the local maxima of the error curve after filtering.
The local maxima correspond the maxima of the height slope. Therefore,
∆hasymp (x) = α0 · h0 max · (x − xOA )
= α0 ·

h0 π
· (x − xOA )
Λ

(4.20)

= a(x − xOA ).
a indicates the slope of the asymptote obtained by calibration measurement (in this case by simulation). Consequently,
α0 =

aΛ
.
h0 π

(4.21)
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The x-coordinate of the optical axis xOA in field of view can be determined by the crosspoint of the second asymptote (the dashed red line) with
the first one. Another approach to determine xoA is introduced in [LKX14],
where a sliding standard deviation of the filtered envelope error along the
x-axis is calculated and the minimum value of modulation depth of the
curve corresponds to the position of xOA .
The simulation assumes αla = 0.6 and xOA = 400 µm. Consequently,
α0 = 0.162 results from Eq. 4.14 again. From the numerical simulation,
α0 = 0.161 and xOA = 399.5 µm are determined. The slight deviation is
again due to numerical errors in the simulation.
Tilt standards can also be used for calibration. In this case the envelope error will be a linear function. Both, the slope and the crosspoint with
the x-axis can be calculated. Consequently, α0 and xOA are determined.
4.3.2.2. Numerical compensation for unknown surfaces
In practical measurements of an unknown surface topography, the
fringe order map resulting from the envelope evaluation builds the basis
of a proper phase evaluation. Therefore, the envelope error due to chromatic aberration should be corrected by calibration. The parameter α0
and xOA can be determined using a calibration standard. Furthermore, the
derivative of the height profile h0 (x), which is required for compensation of
the envelope error according to Eq. 4.13, is unknown. The height profiles
obtained by phase evaluation and unwrapped phase evaluation can not be
treated as the real height, since they may suffer from phase jumps. If there
are height steps on the surface under investigation, there are uncertainties of distinguishing height steps from phase jumps or inversely [NLB07].
However, the profile resulting from envelope evaluation henv can be used
as an approximation of the real height profile. Consequently, the initial
values of the derivative are approximated by:
h0 (x) ≈ h0 env (x).

(4.22)

If necessary, the profile henv (x) can be low-pass filtered prior to numerical derivation. With the approximation of Eq. 4.22, a first approximation
of envelope error ∆hI (x) results:
∆hI (x) = α0 · (x − xOA ) · h0 env (x).

(4.23)
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Consequently, the first approximation of the corrected envelope evaluation results:
hcor,I (x) = henv (x) − ∆hI (x).
(4.24)
hcor,I is still an approximation of the corrected result. However, hcor,I (x)
is closer to the real profile comparing to henv (x) without correction. This
procedure can be repeated iteratively:
hcor,N (x) = henv (x) − ∆hN (x),

(4.25)

where N is the iteration Number. The Iteration continues, until hcor,N (x)−
hcor,N −1 (x) ≈ 0 results, i.e. the change between two successive iterations
is negligible. Fig. 4.21 gives an overview of the calibration procedure and
numerical compensation for unknown surfaces.
Measurement of calibration standard
Determination of α0 , xOA
Measurement of unknown surface
Envelope profile henv (x)
N =N +1

Gaussian bandpass filtering

Reconstruction of envelope error ∆hN (x)
Envelope profile with correction hcor,N (x)
No

hcor,N (x) − hcor,N −1 (x) ≈ 0?
Yes
hcor (x) = hcor,N (x)

Figure 4.21.: Calibration procedure and numerical compensation for unknown surfaces.
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Taking the simulation according to Fig. 4.20 as an example, the numerical compensation is illustrated in Fig. 4.22. 10 iterations are performed to
correct the dispersion error and results of iteration 1, 3, 5, 10 are shown.
The black curve represents the nominal error ∆h(x) between the profile
obtained from the envelope evaluation and the real height. In practice, the
real height is unknown, in the simulation it serves as the target value of
the compensation procedure. In other words, the numerical compensation
aims at a reconstruction of the nominal error by using the known calibration parameters α0 , xOA and the profile obtained in envelope evaluation
henv (x). The green curve indicates the reconstruction of the nominal error ∆hN (x) in the current iteration. The red curve is the remaining error,
which is the difference between the nominal error and the its current reconstruction. If the red curve is zero, a perfect reconstruction of the nominal
error results. The corrected profile hcor,N (x) can be calculated according
to Eq. 4.25 and the phase evaluation based on it shows no longer phase
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Figure 4.22.: Numerical compensation for unknown surfaces by simulation.
Black: nominal error ∆h(x); Green: reconstructed of the
nominal error; Red: remaining error.
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Remaining error (nm)

jumps. Following the increase of the iteration number, the reconstruction
error becomes approximately zero.
The maximal remaining error and the standard deviation are shown
in Fig. 4.23. The error decreases dramatically in the first 3 iterations and
converges after 6 iterations.
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Figure 4.23.: Remaining error at each iteration.
Finally, the profile after dispersion compensation is obtained as shown
by the solid blue curve in Fig. 4.24, which differs from the curve without
dispersion compensation. While the red profile obtained from phase evaluation suffers from phase jumps, the green one shows no phase jumps after
correction.
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Figure 4.24.: Height profiles obtained from envelope and phase evaluation
before and after numerical dispersion compensation
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4.3.2.3. Experimental validation

Height diff. (µm)

In order to ensure the capability of the calibration procedure and the
subsequent numerical compensation approach in practice, measurement
results obtained by using both, a Mirau interferometer and the Michelson
interferometer described in Sect. 4.3.1 are analyzed. At first, measurement
results of a chromatically uncorrected Mirau system of 20x magnification
and NA of 0.4 is shown in Fig. 4.12. α0 = 0.018 and xOA = 394 µm result
from calibration (see Fig. 4.25). α0 is determined according to Eq. 4.21,
where the mean value of both asymptote slopes is used.
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Figure 4.25.: Calibration of lateral color in envelope evaluation obtained
by a 20x Mirau interferometer of NA = 0.4 and λ0 = 0.58 µm
using a sinusoidal standard (Rubert 531).
Applying the numerical compensation procedure shown in Fig. 4.21,
the dispersion error in the profile obtained by envelope evaluation is iteratively corrected as shown in Fig. 4.26. Again, the black curve is the
reference indicating the deviation of the profile obtained in envelope evaluation to the real profile. The green curve indicates the reconstructed value
at the current iteration and the red curve is the difference between the
black and the green curve. After iteration 1, the error has been corrected
to a large extent. From iteration 2 to iteration 10, the remaining error
further decreases. However, large discrepancies occur at both sides of the
field of view. These discrepancies take place due to the Gaussian filtering
in the frequency domain.
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Figure 4.26.: Numerical compensation of lateral color in envelope evaluation obtained by a Mirau interferometer using a sinusoidal
standard (Rubert 531), corresponding to simulation results
in Fig. 4.22.
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Figure 4.27.: Remaining error at each iteration, corresponding to simulation results in Fig. 4.23.
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Ignoring the errors at both sides, the maximal value and the standard
deviation of the remaining error at each iteration are displayed in Fig. 4.27,
both of which converge after 3 iterations. The standard deviation of the
remaining error is about 24 nm.
Finally, the corrected profile obtained from the envelope evaluation is
used for further phase evaluation. Fig. 4.28 displays the measured height
profiles before and after numerical dispersion compensation. While the
profile resulting from original phase evaluation shows serious phase jumps,
the phase evaluation after dispersion compensation does not.
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Figure 4.28.: Measured height profiles obtained from envelope and phase
evaluation before and after numerical dispersion compensation.
In Sect. 4.3.1, a physical dispersion compensation by optimization via
ray-tracing software “Zemax” was introduced. Additional lenses can be
used to minimize aberration and dispersion error in the optical imaging
system. In this Section, the dispersion error of the uncorrected Michelson interferometer will be corrected using the numerical compensation approach according to Fig. 4.21. A green LED with a coherence length of
2.5 µm and a center wavelength of 530 nm is used. The 5x microscope
objective with NA of 0.14 is not corrected for the inserted beam splitter.
Therefore, aberration and dispersion effects as shown in Fig. 4.14 occur.
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Height (µm)

Fig. 4.29 displays measurement results of the sinusoidal standard (Rubert 531) with Λ = 100 µm and h0 = 1 µm as well as the calibration of
lateral color in envelope evaluation.
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Figure 4.29.: Measurement results of Rubert 531 standard (Λ = 100 µm,
h0 = 1 µm) [KXL13] and calibration of lateral color in envelope evaluation.
The upper diagram shows the profile obtained from envelope and unwrapped phase evaluation. The bottom diagram represents the difference
between both profiles. Apparently, the optical system suffers from lateral
color, since the maximal difference occurs at maximal slope positions and
it grows from the optical axis position outwards. The difference profile
is filtered by a Gaussian filter in the frequency domain. Two Asymptotes are approximated and their equations are determined. Consequently,
α0 = 0.004 and xOA = 520 µm result. The parameters α0 and xOA are used
for further iterative numerical compensation of lateral color.
After 10 iterations, the maximal error drops from 165 nm to 51 nm and
the standard deviation drops from 44 nm to 19 nm. Fig. 4.30 shows the
measured sinusoidal height profiles of Rubert 531 standard (Λ = 100 µm,
h0 = 1 µm) using the Michelson interferometer without corrective lenses.
Even though the Michelson interferometer is chromatically uncorrected,
the lateral color with α0 = 0.004 is much smaller than the uncorrected
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Mirau interferometer, where α0 = 0.018 results. Consequently, only a few
phase jumps occur in the phase evaluation which disappear after dispersion
compensation.
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Figure 4.30.: Measured height profiles of Rubert 531 standard from envelope and phase evaluation using an uncorrected Michelson
interferometer before and after numerical dispersion compensation.

The Michelson interferometer with corrective lenses, has much less dispersion error according to Zemax analysis shown in Fig. 4.17. Additionally,
the MTF is improved as shown in Fig. 4.18. Fig. 4.31 shows the measurement results of the Rubert 531 standard.
The profile obtained from phase evaluation is free from phase jumps.
The height error between the envelope and phase evaluation becomes much
smaller compared to the case of the uncorrected Michelson interferometer.
Additionally, the error indicates twice the frequency of the sinusoidal structure. Maximal errors occur if the curvature or the slope of the profile is
maximal. A possible reason for this error is that remaining axial and lateral color after correction by additional lenses affect in the measurement.
Consequently, the local maxima corresponding to the maximal slope positions grow from optical axis outwards due to lateral color, while those
corresponding to the maximal curvature positions are not dependent on
the field position due to axial color.
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Figure 4.31.: Measured height profiles of Rubert 531 standard from envelope and phase evaluation using Michelson interferometer
with corrective lenses [LKX14].

4.4. Conclusion
This chapter concerns a theoretical and experimental study of dispersion effects and their calibration and reduction in white light interferometry.
In practice, each optical imaging system suffers from wavelengthdependent OPD starting from the object point to the entrance pupil compared to the chief ray. The OPD is dependent on the pupil coordinate and
on the field position of the object. Axial and lateral color lead to errors
in the optical imaging, as well as in surface profilometry using white light
interferometry. In both cases the pupil illumination of the reference and
the object arm does not overlap in the pupil plane, which leads to an additional uncorrected geometrical path length zd (x) either in the reference or
the object arm. In case of axial color, zd,ax (x) depends on the local surface
curvature, while zd,la (x) depends on the field position and the local slope,
if lateral color is considered.
According to the above mentioned physical model, a mathematical
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modeling is introduced, which assumes proportionality between zd,ax (x)
and surface curvature, as well as between zd,la (x), field position and local
surface slope. At first, an analytical formulation of the interference correlogram has been derived, assuming a constant uncorrected geometrical
path length. Numerical simulation shows that the interferogram suffers
from contrast loss, broadening of the correlogram and a z-shift of the envelope. However, the phase of the interferogram keeps nearly unchanged.
Therefore, while the profile obtained from envelope evaluation suffers from
a z-shift error proportional to zd (x), the profile resulting from the phase
evaluation remains correct, as long as the shift error does not exceed ±λ0 /4.
Consequently, the difference of the profiles ∆henv (x) obtained from the envelope and phase evaluation gives an appropriate estimation of the dispersion error.
Simulations of ∆henv (x) have been performed to study the effects of
axial and lateral color in interferometric measurements. Sinusoidal phase
gratings with different values of period Λ and PV height h0 are used for
simulation. In case of a sinusoidal Rubert 542 standard with a period of
8 µm and a height of 0.2 µm, height errors caused by axial color are dominant. In case of a Rubert 531 standard with a period of 100 µm and a
height of 1 µm, lateral color plays a more significant role due to the lateral dimension of the grating. Measurement results by different types of
interferometer using the same grating standard agree with the simulation
results quite well.
Dispersion errors in white light interferometry can be reduced. Two
different approaches are introduced. The first approach utilizes the raytracing software Zemax to optimize the performance of a Michelson setup
by adding corrective lenses next to the beam splitter cube to adapt the
wavefront propagation. Zemax simulation has shown significant improvement concerning dispersion and aberration compared to the setup without
corrective lenses. Experimental measurements of the same setup in the
simulation confirm these improvements.
Another numerical compensation approach for lateral color is based
on the mathematical modelling and its numerical simulation. At first, a
calibration procedure is performed to determine the parameters α0 and
xOA , which indicate the amount of lateral color and the position of the
optical axis. The calibration procedure uses a known calibration standard,
e.g. a calotte surface, a tilt structure or a sinusoidal grating. After the
calibration, the obtained parameters α0 and xOA are used for further nu-
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merical compensation of dispersion for an unknown structure. The profile
obtained from the envelope evaluation is firstly regarded as the real profile
to reconstruct the error cause by lateral color. Subsequently, the reconstructed error is compensated in the envelope evaluation. The corrected
profile after one iteration is more close to the real profile, and consequently
will be regarded as the real profile in the next iteration to reconstruct the
error again. After several iterations, no changes of the corrected profile
occur anymore. The corrected profile will be regarded as the new result
of the envelope evaluation which is employed for further phase evaluation.
By this numerical approach, errors of envelope evaluation exceeding ±λ0 /4
are eliminated to enable a correct determination of the fringe order. Consequently, the phase evaluation no longer suffers from phase jumps.
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5. Temporal and spatial
coherence in WLI
In Chap. 3 a qualitative signal modeling utilizing Fourier optics indicates strong non-linear transfer characteristics of white light interferometers. The measurement results do not only depend on the properties
of the instrument, but also on the surface structure itself. One significant parameter to estimate the measurement results is the HWR value,
which is the ratio of the height to the effective wavelength. It has been
shown that the interference fringe spacing will be affected by an interference microscope objective, especially when the objective possesses a high
NA [IJ58, SE91, Gat56], which has not been considered in Chap. 3. As
the NA increases, the distance between two fringes in the interference correlogram becomes greater than half of the central wavelength of the illuminating light. In this case, the wavelength applied in phase evaluation
should be calibrated resulting in an effective wavelength. So far, the effective wavelength is approximated by the center wavelength of the nominal
spectrum of the light source in case of low NA values. However, for a
more accurate signal modeling, especially for optical systems with high
NA value, a modeling considering both, the temporal and spatial coherence is essential. In this chapter, two different theoretical approaches for
signal modeling are illustrated to study the influence of system properties on measurement results. These system properties involve polarization,
nominal spectral density, temporal and spatial coherence of the illuminating light, as well as reflection and geometrical characteristics of the
measurement object. Diffraction is considered in both models. The first
simulation model (Kirchhoff modeling) is mostly analytical and based on
the scalar Kirchhoff theory and Fourier analysis. Besides the NA effect,
batwing and polarization effects are studied through the Kirchhoff modeling. The second approach (Richards-Wolf modeling) is primarily numerical
and based on the Debye diffraction integral [Deb09,RW59]. Besides the NA
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and batwing effects, also the effects on quasi-perpendicular edges and on
chrome-on-glass gratings as an example of non-homogeneous surface structures are studied. Simulation results of both models are compared to the
experimental measurement results.

5.1. Kirchhoff modeling
One of the most popular approaches to interpret the light scattering
from rough surfaces is the Kirchhoff approximation [BW99, BS87]. A brief
introduction of Kirchhoff theory is shown in Sect. 1.3 and 2.1.1. The
Kirchhoff approximation is highly appropriate for smooth surfaces without
edges [Ogi91]. In case of a rectangular grating, whose period is much larger
than the grating height and the illumination wavelength, the Kirchhoffmodeling should be appropriate as well [BS87]. However, the grating structure is considered as a single scatter [Bru03], i.e., only the first scattering
from the horizontal parts of the surface is considered, double-scatter terms
coming from scattering from the horizontal to the vertical parts of the surface or from the vertical to the horizontal parts are ignored. Since the
double-scatter terms become significant for the example of a square groove
with small width but great depth [Bru03], the grating with the maximal
period of 6 µm and a minimal aspect ratio (AR) is applied for simulation
and measurement to avoid double-scattering effects. The aspect ratio is
defined as the height-to-width ratio of the rectangular grating 1 . For example, in case of a grating with a period of 6 µm, which has a height of
191 nm, the AR value is 0.191/3 = 0.064.
For the object under investigation h(x0 , y0 ) is a rectangular grating
with given height h0 and period Λ. The grating has a constant height
value along the y direction. Thus,
h(x0 , y0 ) = h(x0 ) =

h0 cos (2π/Λ · x0 )
·
.
2 |cos (2π/Λ · x0 ) |

(5.1)

A schematic illustration of the scattering and imaging geometry is given
in Fig. 5.1. The objective lens and tube lens represent the 2D Fourier op1

Generally, AR of a rectangular is defined as the ratio of its longer side to its shorter side, namely the
ratio of width to height in case of landscape format. However, for the sake of convenience, AR is
defined as the height-to-width ratio in this work.
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Figure 5.1.: Schematic illustration of imaging from the object plane to the
image plane [XLNT16].

erators and generate the Fourier transform of the electromagnetic field distribution in the object plane into the Fourier plane and an inverse Fourier
transform into the image plane. Low pass filtering takes place in the Fourier
plane, where the high spatial frequency components are filtered out by a
rectangular amplitude transfer function.
According to scalar Kirchhoff theory the scattered amplitude in the
object arm of the interferometer can be formulated applying the tangent
plane approximation and the far field approximation as described in Eq.
5.2 [Leh03].
ZZ


jU0 ejkr
j (~ke −~ks )·~r0 ~
~
Rs (k, θe )e
ke − ks · n̂ dS, (5.2)
Us;k,θe (θs ) = −
4πr
S
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where Rs is the Fresnel reflection coefficient. ~ke and ~ks are the wave vectors
of length k = 2π/λ of the incident and of the scattered wave, ~r0 is the
coordinate of measurement object and n̂ is the normal vector to the object
surface, with




sin θe
sin θs



~ke = k 
0  , ~ks = k  0  ,
(5.3)

− cos θe
cos θs



x0


~r0 =  0  ,
h(x0 )




0
 
n̂ =  0  .
−1

(5.4)

θe and θs are the incident and scattering angle, respectively. For conciseness
following variables are defined
 


qx
sin θs − sin θe
 


0
~q = ~ks − k~e =  qy  = k 
(5.5)
.
qz
cos θs + cos θe
Assuming P1 (θe ) is the pupil function of the illuminating lens, which
describes the effect of apodization and putting Eq. 5.4 and 5.5 into Eq.
5.2 results in:
jU0 ejkr
P1 (θe )Rs (k, θe ) qz
Us;k,θe (θs ) =
4πr
| {z }
A

·

Z

(5.6)

exp {−jqz h (x0 )} · exp (−jqx x0 ) dx0 .

The coefficient A = jU0 ejkr /4πr is dropped for further calculation, as
only the intensity is relevant for further envelope and phase evaluation.
Analogously, the scattered amplitude of the reference arm can be written
as
Z
Ur;k,θe (θs ) = P1 (θe )Rr (k, θe ) qz · exp (−jqx x0 ) dx0 .
(5.7)
where the height value in the exponential function is zero, as its surface is
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plane and no depth scanning takes place.
Because of its periodicity, exp {−jqz h (x0 )} in Eq. 5.6 can be expressed
by a Fourier series:
exp {−jqz h (x0 )} =

∞
X




2nπ
Cn exp j
x0 ,
Λ

(5.8)

n=−∞

where

cos(qz h0 /2),
n=0




0,
n is even
Cn =




(−1)0.5(n+1) · 2j/(nπ) · sin(qz h0 /2). n is odd

(5.9)

The diffraction order n for the object arm will be restricted by
the aperture size of the microscope objective. The scattering angle of
diffraction order n is


nλ
θs,n = arcsin
+ sin θe .
(5.10)
Λ
θs,n should satisfy the following equation:
− arcsin(NA) ≤ θs,n ≤ arcsin(NA).

(5.11)

Thus,
nmin ≤ n ≤ nmax ,

and n ∈ Z,

(5.12)

with


nmin
nmax


Λ
= ceil (−NA − sin θe )
,
λ


Λ
= floor (NA − sin θe )
,
λ

(5.13)

(5.14)

where ceil and floor are both operators. While ceil rounds the argument
to the nearest integer greater than or equal to that argument, floor rounds
the argument to the nearest less than or equal to it.
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Substituting Eq. 5.8 and Eq. 5.12 in Eq. 5.6 leads to
Us;k,θe (θs ) = P1 (θe )Rs (k, θe )

nmax
Z X
nmin
nmax

= P1 (θe )Rs (k, θe )

X



2nπ
x0 · exp (−jqx x0 ) dx0
Cn qz exp j
Λ
Z

C n qz

nmin



2nπ
x0 · exp (−jqx x0 ) dx0 .
exp j
Λ

(5.15)
The integration in Eq. 5.15 can be regarded as a Fourier transform
with respect to the angular frequency qx . Therefore,
Us;k,θe (θs ) = P1 (θe )Rs (k, θe )

nmax
X
nmin

Cn qz δ(qx − n

2π
).
Λ

(5.16)

For the scattered amplitude Ur;k,θe (θs ) in the reference arm, no diffraction takes place, i.e., only zero order diffraction needs to be considered.
Consequently, Eq. 5.7 results in:
Ur;k,θe (θs ) = P1 (θe )Rr (k, θe ) qz,n=0 δ(qx ),

(5.17)

where qz,n=0 = 2k cos θe indicates the value of qz in case of zero order
diffraction.
Assuming P2 (θe ) is the pupil function of the collecting lens and ∆z is
related to the axial position of the depth scanner, the intensity related to
a single wavelength requires an incoherent integration over each incident
angle θe . Therefore,
Z

θe,max

I (x, ∆z; k) =
−θe,max

P1 (θe )P2 (θe ) sin θe ·

nmax
X
nmin



2nπ
x
Cn qz Rs (k, θe ) exp j
Λ


· exp(−2k cos θe ∆z) + 2k cos θe Rr (k, θe )

2

dθe .

(5.18)
where sin θe in the integrand is a weighting factor related to each incident
angle, since the area in the Fourier plane is proportional to sin θe (see Fig.
5.1). The term exp(−2k cos θe ∆z) indicates an additional phase change in
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the object arm during the depth scan.
Since broadband illumination is used and the spectral sensitivity of
the camera is not constant over the illumination spectrum, the intensity is
finally calculated via integration over the wave number,
Z ∞
I (x, ∆z) =
I (x, ∆z; k) F (k) S (k) dk,
(5.19)
0

where F (k) and S(k) are the spectral sensitivity of the camera and the
illumination spectral density function, respectively.
The experimental setup is based on a Linnik interferometer shown
in Fig. 2.19, which is equipped with a replaceable illumination fixture.
For illumination LEDs emitting spatially incoherent and temporally lowcoherent light are used. A Gaussian-like spectral density function S(λ) or
S(k) are available from the manufacturer and a graphic representation of
the spectral density of the LEDs is shown in Fig. 5.2, where the highest
value of S(k) is normalized to be unity. For simulation, the spectral density
functions S(k) are differently normalized. Not the highest value of S(k),
but the integral according to Eq. 5.20 is normalized to be unity, which
ensures the total power of each color LED in the simulation is the same.
Z kmax
S(k)dk = 1.
(5.20)

Norm. spectral density (-)
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Figure 5.2.: Normalized spectral density of LEDs of different colors
[XLNT16].
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As measurement object the RS-N standard introduced in Tab. 3.2
with a period of 6 µm and a height of 191 nm is used. By application of
different color LEDs the effective wavelength of the interference correlogram can be changed. Therefore, the HWR value can be changed within
a corresponding range, although the height of the rectangular grating is
kept constant. Two microscope objectives of the same type with 100x
magnification and a NA value of 0.9 are used in the object and reference
arm. These objectives are not apochromatically corrected. Consequently,
dispersion effects may occur in measurement results. A CMOS-camera for
high-speed imaging with low noise is used to improve the quality of signal
acquisition. The basic components of the Linnik interferometer are listed
in the following table:
Microscope
objectives

Camera

LED

Piezo z-stage

Olympus
MplanFL
100x 0.90

Hamamatsu Luxeon
Physik
Orca-Flash Rebel,
Instrumente
2.8
different
PI P-620.ZCD
colors (350
mA)

Reference
mirror
Aluminum
mirror
(flatness:
λ/10)

Table 5.1.: Basic components of the Linnik interferometer [XLNT16]
In the following the simulation and measurement results are illustrated.

5.1.1. NA effect
Temporal and spatial coherence can be considered independently from
each other. Interference correlograms showing both, limited temporal and
spatial coherence are introduced. Simulation results for a rectangular grating with a period of Λ = 6 µm and different height values h0 are displayed
in Fig. 5.3. Interferograms with different properties of temporal and spatial coherence at plateaus and edges are presented.
If, for example, only a single incident angle of illumination and a single wavelength are considered, full temporal and spatial coherence occurs
as it is shown in Fig. 5.3a. The incident angle θ is set to zero and the

137

1.0

Norm. intensity (-)

Norm. intensity (-)

5.1. KIRCHHOFF MODELING

0.5
0.0

−2

−1

0
∆z (µm)

1

2

−2

−1

0
∆z (µm)

1

2

(b) Correlogram assuming partial temporal coherence (Gaussian envelope,
lc = 2.5 µm) and full spatial coherence: θe → 0, h0 = λ0 /4, where λ0 is
the center wavelength of the Gaussian spectrum.
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(c) Correlograms assuming finite spatial
coherence and full temporal coherence: NA = 0.9, h0 = 0.2 µm and
λ0 = 0.6 µm. λeff is the effective
wavelength resulting from the NA effect and λeff = 0.8 µm.
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(d) Correlograms assuming finite temporal and spatial coherence: θe ∈
[− arcsin (NA), arcsin (NA)], h0 =
0.2 µm, λ0 = 0.6 µm, lc = 2.5 µm,
λeff = 0.8 µm results.

Figure 5.3.: Interference correlograms with different properties of temporal
and spatial coherence [XLNT16], assuming P1 (θe ) = P2 (θe ) =
1 and Rs (k, θe ) = 1. The black dashed line represents the correlogram from the upper plateau and the green dashed line the
one from the lower plateau. The solid lines show the correlogram at the upper and lower edge position of the rectangular
grating.
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step height equals a quarter of the wavelength λ0 . The illumination of the
measurement object is monochromatic with λ0 = 0.6 µm. In this case,
the effective wavelength λeff is the same as the nominal wavelength. The
correlogram from the middle of the upper plateau shows 180 degree phase
difference compared to the one from the middle of the lower plateau. At
the edge position destructive interference occurs so that the modulation
depth of the correlograms at these positions drops dramatically. Fig. 5.3b
shows correlograms with limited temporal coherence (coherence length lc
is 2 µm) and full spatial coherence. The correlogram at the plateau having
a fringe spacing of λ0 /2 shows a Gaussian envelope and equals an analytical result where finite temporal coherence and full longitudinal spatial
coherence is considered. Furthermore, at the edge position, the maxima of
the envelopes from the upper and lower plateau are much more apart from
each other than the step height h0 . This leads to the well-known batwing
effect. In Fig. 5.3c full temporal coherence and finite spatial coherence is
considered. In comparison to Fig. 5.3a and 5.3b an enlarged fringe spacing
and a smaller depth of field due to the high NA can be observed. The
simulation results depends on the pupil function.
Assuming
P1 (θe ) = P2 (θe ) = cosς θe ,
(5.21)
where ς is the apodization index, higher values of ς correspond to apodization that falls off faster with angle θe [SL95]. In Fig. 5.3 it is assumed that
ς = 0, namely P1 (θe ) = P2 (θe ) = 1, thus no apodization is considered. The
effective wavelength on the plateau is obtained from the centroid wavelength of the interferogram spectrum. Firstly, the spectrum is calculated
by Fourier transform of the interference correlogram without offset part,
which has an abscissa axis of the spatial frequency. Subsequently, the
centroid spatial frequency of the spectrum is determined and converted
into wavelength2 . In case of the nominal wavelength λ0 = 0.6 µm and
NA = 0.9, an effective wavelength of 0.8 µm results. The NA factor χ is
defined as the ratio of the effective wavelength at plateau position to the
nominal wavelength (centroid wavelength of the illumination). Therefore,
χ = 1.33 is calculated for Fig. 5.3c, 5.3d. This result is consistent with
analytical results for the case, where the sine condition is satisfied and no
2

Another approach to calculate the effective wavelength is to convert the abscissa of spatial frequency
to wavelength at first and then to determine the centroid wavelength. Due to nonlinearity of the
conversion the resulted effective wavelength from this approach for LEDs shown in Fig. 5.2 has a
deviation of 3 to 5 percent from the results obtained from the other approach applied throughout this
work.
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apodization is present [SL95]. Additionally, no dependence of the Fresnel
reflection coefficient on wavelength and incident angle is considered, namely
Rs (k, θe ) = Rr (k, θe ) = 1. The step height is 0.2 µm, which is one fourth
of the effective wavelength. Therefore, a phase difference of π between
interferograms from the upper and lower plateau can be observed. Both
correlograms at the upper and lower edge show destructive interference. In
Fig. 5.3d, both finite spatial and temporal coherence are considered. Obviously in case of NA 0.9, the spatial coherence is dominant, as the depth
of field due to high NA is smaller than the temporal coherence length.

5.1.2. Interferograms and Batwings
In the following simulations a rectangular grating with height h0 =
0.191 µm and period Λ = 6 µm is considered as measuring object
[XLNT16]. The transfer characteristics of interference microscopes can
be studied using different LED-illumination displayed in Fig. 5.2.
Fig. 5.4 shows the simulated and measured correlograms and their
Fourier spectra using the royal blue LED at the plateau and the edge position of the rectangular grating. The black curve in the spectrum represents
the nominal spectrum of the LED, the red curve is the spectrum of the corresponding correlogram. To be able to compare the simulation results with
measurement results, an apodization index ς = 0.5 is assumed, namely
√ the
pupil function of the objective and tube lens satisfies P1,2 (θe ) = cos θe .
Also the Fresnel reflection coefficients of the silicon grating Rs (k, θe ) and
of an aluminum mirror Rr (k, θe ) are considered.
Simulation and measurement results show good agreement. Similar to
simulation results in Fig. 5.4a, the correlogram at edge position in Fig.
5.4b shows a moderate decrease of the modulation depth and a broadening
of the signal width as well, since the HWR value is about 0.34. Additionally, the spectrum of the correlogram at the edge, both in simulation and
measurement result, has a considerable reduction of the amplitude due to
destructive interference at a wavelength of about 0.78 µm. This effect arises
from destructive interference at the wavelength corresponding to fourfold
the step height. The constriction occurs at 0.78 µm, but not exactly at
0.764 µm (four times of the step height) since the frequency resolution of
the spectra is limited.
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(a) Simulation results. The black and red curve in the bottom figure represent the nominal
spectrum of the LED and the spectrum of the correlogram, respectively [XLNT16].
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(b) Measurement results. The blue curve in upper figure represents the unfiltered correlogram, while the red curve shows the correlogram filtered by a Gaussian filter [XLNT16].

Figure 5.4.: Simulated and measured correlograms and their spectra using
royal blue LED.
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A dispersion effect can be observed clearly in the asymmetrical shape
of the correlograms in Fig. 5.4b. However, the curvature and slope of
the rectangular grating can be regarded as zero. Consequently, by proper
adjustment the dispersion effect is almost constant over the whole field of
view and therefore its effect on the measurement results can be ignored.
Fig. 5.5a and 5.5b show simulation and measurement results using the
red LED, both of which agree with each other well. The spectra of the
correlograms differ a lot from the nominal spectrum of the LED illumination. This is due to the oblique incident rays leading to a larger fringe
spacing in the correlogram and consequently a larger effective wavelength.
While a broadening of the correlogram takes place at the edge position if
the illumination is royal blue LED, a clear increase of the fringe spacing in
the middle of the correlogram can be seen for red LED illumination. Since
the HWR value is approximately 0.25, a phase difference of the interference intensity is approximately π. Consequently, the modulation depth of
the correlogram at the edge indicates a dramatical reduction comparing
to the signal at plateau. The spectrum constriction of the simulated and
measured correlogram at the edge occurs with slight difference at λ equal
to 0.73 µm and 0.78 µm, respectively.
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(a) Simulated correlograms and their spectra using a red LED.
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(b) Measured correlograms and their spectra using red LED.

Figure 5.5.: Simulated and measured correlograms and their spectra using
red LED.
The different signal shapes at plateaus and edges have significant impact on the results of the envelope and phase evaluation.
Fig. 5.6 shows simulated grating profiles of envelope and phase evaluation
(blue and red curve of upper figures, respectively) for royal blue and red
LED illumination. Also the effective wavelength course is presented. The
HWR value of royal blue and red LED illumination is 0.191/0.557 ≈ 0.34
and 0.191/0.786 ≈ 0.24, respectively. Since the HWR value of red illumination is closer to 0.25, the envelope evaluation shows much stronger
batwings compared to the results of royal blue illumination. Yet the phase
evaluation of red illumination shows no batwing effect but phase jumps,
while slight batwings can be seen even if the royal blue illumination is used.
These results agree with a numerical simulation [XLN12a] and an analytical calculation [LXN12] in prior studies. A NA factor of 1.25 on the plateau
position can be calculated, which is smaller than in case of no apodization.
It should be mentioned that the effective wavelength is not constant over
the whole measurement object. The effective wavelength drops at edges
when royal blue illumination is used, while it increases at edges in case
of red illumination. This is due to the fact that a constriction occurs in
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(b) Topography and effective wavelength using red LED.

Figure 5.6.: Simulation results of topography profile and effective wavelength using royal blue and red LEDs.
the spectra at a wavelength of four times the step height. At royal blue
illumination the spectrum at the plateau has its predominant part below
0.76 µm, while at red illumination it reverses.
The measurement results shown in Fig. 5.7 agree with the simulation results quite well. Both, envelope and phase evaluation in Fig. 5.7a
show also a slight batwing effect, which agrees with simulation results in
Fig. 5.6a. Both, measurement and simulation results in case of using a
red LED, as displayed in Fig. 5.7b and Fig. 5.6b, show high batwings
if the envelope is evaluated but phase jumps if the phase is evaluated.
Moreover, the measured effective wavelength is consistent with simulation.
The grating heights obtained by envelope evaluation for royal blue and red
illumination are 209 nm and 232 nm respectively, both showing an overestimation. The simulation results indicate overestimated height values as
well, which are 199 nm and 217 nm, respectively. However, both simulation and measurement results obtained from phase evaluation indicate the
correct height of the rectangular grating.
The evaluation results for different LED light sources are graphically
summarized in Fig. 5.8. The numerical data is shown in Table 5.2. The
x axis represents the different LED center wavelengths. In addition to the
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Figure 5.7.: Measurement results of topography profile and effective wavelength using royal blue and red LEDs.

R

Figure 5.8.: Graphical illustration of simulation results of different LED
illumination, assuming NA = 0.9 [XLNT16].
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LED color

Royal Blue Cyan Green Amber Red Deepblue
red

λ0 (nm)
λeff (nm)
NA factor χ (-)
HWR (-)
∆λeff at edge
(nm)
Batwing
height (nm)
h0,env (nm)
h0,ph (nm)

444
557
1.25
0.34
-35

463
581
1.25
0.33
-37

499
624
1.25
0.31
-37

523
653
1.25
0.29
-33

590
740
1.25
0.26
12

628
787
1.25
0.24
64

654
820
1.25
0.23
92

13

28

69

131

231

232

199

201
190

203
190

206
190

209
190

219
190

223
190

225
191

Table 5.2.: Overview of simulation results [XLNT16].
color notation the corresponding HWR value is given in the brackets. For
clarity Fig. 5.8 has five vertical axes in different colors and scales. Results
plotted in the figure correspond to the axis showing the same color. Independent of the LED √
color, it is assumed that the pupil function P1 (θe )
and P2 (θe ) both equal cos θe . The calculated NA factor for simulations
at a nominal NA of 0.9 is about 1.25 (see blue curve), which is comparable with analytical results obtained in prior studies [SL95, Cre89]. The
effective wavelength change at the edges shows a systematic characteristic.
For illumination wavelengths with HWR higher than 0.25, like royal blue,
blue, cyan and green LED illumination, the effective wavelength change is
negative, which means that the effective wavelength at the edges is smaller
than on the plateau. Additionally, for the other LED illumination wavelengths (except for amber) with HWR smaller than 0.25, the change is
positive. The batwing height regarding the envelope evaluation reaches its
maximum when an amber or red LED is used, both of which have a HWR
value close to 0.25. For all HWR values different from 0.25, the batwing
height drops gradually. The solid and dashed red curves represent the step
height obtained from the envelope and phase evaluation of the rectangular
grating, respectively. Due to the batwing effect, the estimated step height
resulting from the envelope evaluation is overestimated. The height value
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(a) Simulation results using Kirchhoff
modeling.
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obtained by phase evaluation is almost constant between 190 and 191 nm.
In summary, the measurement results are consistent with the simulation results in case of low AR value of rectangular gratings. The NA factor
resulting from measurement covers the range from 1.20 to 1.24, while it
keeps
constant at 1.25 in the simulation by assuming P1 (θe ) = P2 (θe ) =
√
cos θe . The batwing effect in both, simulation and measurement results
reaches its maximum if the HWR value is about 0.25. The effective wavelength along the rectangular grating is not constant. At the edges it tends
to be lower that at plateaus if HWR is higher than 0.25, while at HWR
values smaller than 0.25 it reverses.
Due to neglect of double and higher order scattering, the Kirchhoff
modeling is not appropriate for rectangular gratings with high AR value.
Fig. 5.9 displays the simulation and measurement results of a rectangular
grating with a AR ratio of 0.42.
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(b) Measurement results.

Figure 5.9.: Simulation and measurement results of a rectangular grating
with high AR value. NA = 0.9, red LED illumination, Λ =
0.8 µm, h0 = 0.167 µm, AR = 0.42.
The blue and red curves in the upper figure represent the results of
envelope and phase evaluation, respectively. The widths of the upper and
bottom plateau are equal in the simulation results, while in the measurement results the upper plateaus show considerably broader width than the
bottom plateaus. Additionally, the shape of the profiles resulting from the
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modeling.
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simulation and measurement deviates from each other strongly. The bottom figures indicate the modulation depth along the rectangular profile,
which is the maximal value of the envelope of the interference correlogram.
The modulation depth estimates the light reflection on the measurement
object well. The higher the modulation depth is, the stronger the reflection is. However, the values from the simulation and measurement are not
supposed to be comparable, since the simulation results are based on a
normalized illumination spectrum and the experimental results depend on
the limited dynamic range of the used camera. Apparently, the modulation
depth on the upper and bottom plateaus are different in the experiment
results, while they are equal in the simulation.
Furthermore, the Kirchhoff modeling is not appropriate for simulation
of rectangular gratings which show an inhomogeneous Fresnel reflection,
for example, chrome-on-glass grating. A USAF resolution standard is measured by a Mirau interferometer with NA = 0.55. The chrome structure
shown in Fig. 5.10b has a period of 6.95 µm and a height of 55 nm. The
upper and bottom plateau are of the same width. Considerable deviation of simulation and measurement results is shown in Fig. 5.10. The
phase evaluation results in a height of 39 nm and 27 nm in simulation and
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(b) Measurement results using a Mirau
interferometer.

Figure 5.10.: Simulation and measurement results of a chrome-on-glass
grating. NA = 0.55, royal blue LED illumination, Λ =
6.95 µm, h0 = 0.055 µm.
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measurement, respectively. Due to different phase change at reflection on
the chrome and glass surface, the resulting height differs from its nominal
value of 55 nm. Additionally, simulation results indicate equal width of
the upper and bottom plateaus, while in measurement results the widths
are larger on the upper plateaus. The failure of the Kirchhoff modeling
on chrome-on-glass is because of a mathematical inconsistency in Eq. 5.6,
where Rs (k, θe ) is pulled out of the integral in spite of its dependency on
x due to inhomogeneous Fresnel reflection.
These disadvantages of Kirchhoff modelling concerning rectangular
gratings with high AR value or inhomogeneous Fresnel reflection are overcome in the Richards-Wolf modeling introduced in Sect. 5.2.

5.1.3. 3D-extension and polarization
The Kirchhoff modeling illustrated so far is a two-dimensional simplification, where the light scattering is only considered in the xz-plane. This
modeling provides a plausible estimation of the NA effect, interferogram
and batwing effect with respect to the HWR value. However, polarization
was not considered in the Kirchhoff modeling.
By using polarized illumination, the resolution of microscopic imaging
can be enhanced, if, for example, an one-dimensional intensity mask (the
intensity changes only in one direction) is properly aligned with regard to
the polarization [SC02, SZE04, LXY11]. In interference microscopy polarization was utilized to improve edge detection [TJT99]. So far, scattering
from surfaces with edges under polarization have been studied by many
authors using rigorous techniques such as RWCA [LPK12, SD98, JB11],
the waveguide model [NK88, YS91] and integral equations [Mar84, CK13].
These methods are accurate but suffer from intensive calculations and lack
of intuitive comprehensibility from the numerical calculation to the physical processes taking place inside the grating region.
The Kirchhoff modeling is three-dimensionally extended and simulates
the polarization effects regarding the batwing effect in the WLI. Mainly
two physical phenomena are taken into account, the Fresnel reflection and
the edge diffraction, both of which are polarization-dependent.
Fig. 5.11 displays the Fresnel reflection coefficient in TE and TM polarization. Considering the electrical field in TE and TM polarization, as
shown in Fig. 5.12, the polarization changes from x0 z0 to y0 z0 plane.
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Figure 5.11.: Fresnel reflection coefficients of silicon in TE and TM polarization.
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Figure 5.12.: Electrical field in x0 z0 and y0 z0 plane in TE and TM polarization.
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In TE polarization, the electrical field is orthogonal to the incident
x0 z0 plane, while it becomes parallel to the incident y0 z0 plane, as shown
in Fig. 5.12a. Therefore, the polarization actually changes at different azimuth angle. Similarly, the TM polarization in x0 z0 plane changes to TE
polarization in y0 z0 plane in Fig. 5.12b. In the two-dimensional Kirchhoff
modeling, the Fresnel reflection on the interface plane is much smaller in
case of TM polarization than TE polarization. Consequently, the contribution of the diffraction order of rays with higher incident angle would
be considerably smaller in case of TM polarization. Simulation results of
the correlogram on a plateau would indicate a smaller effective wavelength
using the two-dimensional modeling. Consequently, a different HWR value
results, which leads to different batwing heights at the edge position in
different polarizations [LX15]. Apparently, the two-dimensional Kirchhoff
modeling only considers the x0 z0 plane. The Effective wavelengths in TE
and TM polarization should be equal on a plateau object, if an extended
three-dimensional modeling is used. An additional parameter, namely the
azimuth angle is considered for a range of zero to π in the extended modeling.
The change of polarization from x0 z0 to y0 z0 plane can be experimentally verified, as shown in Fig. 5.13. Fig. 5.13a and 5.13b display the
color-scaled envelope evaluation results of the same area of the RSN rectangular grating with a period of 6 µm in TE and TM polarization. The
grooves are marked blue, while the upper plateaus of the grating are red.
The yellow part at the transition from the upper to the bottom plateau
indicates the batwing effect at edge positions. A vertical and horizontal
cut profile are marked in the results of TE and TM polarization, which are
plotted in Fig. 5.13c and 5.13d, respectively. Both, the vertical and the
horizontal profiles indicate strong batwings, while the effective wavelength
on the plateaus are the same. At edge positions, the effective wavelength
increases. The reason that the vertical profile of TE polarization indicate
strong batwing in Fig. 5.13a is that a TM polarization is present in the
yz plane, as illustrated on the right side of Fig. 5.12a. Similarly, there is
little batwing occurring in TM polarization along the y axis in Fig. 5.13b,
because in the yz plane a TE polarization is present, as illustrated on the
right side of Fig. 5.12b.
Additionally, edge diffraction occurs at a knife-edge (a ideal thin semiinfinite plane) [Kel62, MBR96, Dur09], at paraboloid reflectors [BK13] or
at rectangular cylinders [HK00, KW74]. Due to the fact that an analyt-
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Figure 5.13.: Measurement results of TE and TM polarization. NA = 0.9,
Λ = 6 µm, h0 = 191 nm, Linnik setup with red LED illumination [LX15].
ical solution to edge diffraction at rectangular gratings is complex and
out of the focus of this work, a polarization-dependent heuristical function
Γ (x; θe , ϕe , λ) is used to simulate the edge diffraction, which is qualitatively
based on the knife-edge diffraction theory of the Sommerfeld half-plane solution [BW99, Dur09]. The Sommerfeld half-plane solution is an exact
result that requires solving a set of integral equations under plane-wave in-
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cidence and is briefly introduced in Appx. A. Besides the Fresnel reflection
coefficient Rs , the edge diffraction function Γ influences the reflection on
object surface additionally, which will be illustrated in detail afterwards.
Fig. 5.14 shows schematically the 3D extension of the incident ray and
its diffraction order in the Fourier plane. The azimuth angle ϕe becomes
a variable, instead of being zero in the two-dimensional modeling. Correspondingly, the scattering angle θs,n and the coordinate of the diffraction
orders Kn become dependent on ϕe .
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ke (θ e , ϕe )
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ks , n (θ e , ϕe )
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θe
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Figure 5.14.: 3D extension of the incident ray and its diffraction orders in
the Fourier plane.
The pupil plane meets the following circle equation in normalized pupil
coordinates:
kx2 + ky2 = NA2 .
(5.22)
The coordinate of the zeroth diffraction order can be calculated
K0 (sin θe cos ϕe , sin θe sin ϕe ). Consequently, the coordinate of the nth order diffraction Kn meets the following inequality:
q
λ
(5.23)
sin θe cos ϕe + n ≤ NA2 − sin2 θe sin2 ϕe .
Λ
Solving the inequality results in:
nmin ≤ n ≤ nmax ,

and n ∈ Z,

(5.24)
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with
nmin
nmax

 q
 !
λ
− NA2 − sin2 θe sin2 ϕe − sin θe cos ϕe
= ceil
Λ
q
 !
λ
= floor
.
NA2 − sin2 θe sin2 ϕe − sin θe cos ϕe
Λ

(5.25)

Applying Eq. 5.24 and 5.25, the scattering angle of each diffraction
order can be determined:


λ
θs,n = sign sin θe cos ϕe + n
Λ
s
(5.26)
2
λ
sin θe cos ϕe + n
· arcsin
+ sin2 θe sin2 ϕe .
Λ
Following the same steps from Eq. 5.6 to Eq. 5.17 and considering edge
diffraction function Γ additionally, after the 3D-extension of the Kirchhoff
modeling, Eq. 5.18 becomes
Z

θe,max

Z

I (x, ∆z; k) =
−θe,max

0

π

A·

nmax
X



2nπ
Cn qz Γ (x; θe , ϕe , λ)Rs (k, θe ) exp j
x
Λ
nmin
!2

· exp(−2k cos θe ∆z) + 2k cos θe Rr (k, θe )

dφe dθe .

(5.27)
where A = P1 (θe )P2 (θe ) sin θe . It should be mentioned that Eq. 5.6 undergoes a mathematical inconsistency, since Γ (x; θe , ϕe , λ) is put out of the
integral in spite of its dependency on x. However, Eq. 5.27 gives a physical insight to the optical scattering and imaging on a rectangular grating.
The diffraction orders at an incident angle are calculated for each azimuth
angle and summed up coherently. The intensity resulting from the sum of
the electric field of the object and reference arm is added incoherently for
the azimuth and incident angles subsequently. Finally, an integration over
the wave number takes place to determine the intensity at each depth scan
position, as shown in Eq. 5.19.
The heuristical calculation of the edge diffraction function Γ is based
on diverse mathematical functions and operations of a basic function f ,
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i.e. Γ is a function composition of f± : Γ = g(f± ). Assuming the azimuth
angle ϕe = 0,


η·λ
.
(5.28)
f± (x0 ; θe , λ) = exp −
x0 ± ζ · λ · cos2 θe

Edge diffraction factor (-)

η and ζ are modeling parameters to adapt the concrete function values.
In the simulation η = 0.1 is assigned. The parameter ζ is polarizationdependent. For the following simulation, ζTE = 0.02 and ζTM = 2. The
function f± is dependent on incident angle θe , wavelength λ and on the
polarization state.
For the sake of conciseness, g is only briefly illustrated here. Firstly,
function values of f± and 2 − f± are separated for x0 ∈ [−Λ/2, 0] and
x0 ∈ (0, −Λ/2] and then recombined to build new functions, which are
weighted and summed up to obtain function Γ . Fig. 5.15 displays the
results of heuristical modeling of edge diffraction function Γ (x0 ; θe , λ) at
different parameter settings. The edge diffraction function of TE shows a
much stronger fluctuation compared to TM polarization, which is qualitatively consistent to the results of Sommerfeld’s half-plane solution shown in
Appx. A. The edge diffraction function is dependent on the incident angle
θe . Fig. 5.15a shows simulation results for different incident angles. Instead of being symmetrical at an incident angle of zero, the edge diffraction
function indicates enormous differences at the left and right edge position
in case of θe = 60◦ . The wavelength-dependence is shown in Fig. 5.15b.
2.0
TE
TM

1.5

θe = 0◦

1.0
0.5

θe = 60◦

0.0
0

1

2

3

4
5
x0 (µm)

6

7

8

9

(a) Edge diffraction function for different incident angles, λ = 0.6 µm.
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(b) Edge diffraction function for different wavelengths, θe = 30◦ .

Figure 5.15.: Heuristical modeling of edge diffraction function.

The higher the wavelength value is, the stronger is the edge diffraction.
Consequently, the convergence from edge to plateau is stronger at a wavelength of 0.4 µm than at a wavelength of 0.6 µm.
Additionally, if ϕe 6= 0, θe in Eq. 5.28 should be replaced by its projection angle θe,p on the x0 z0 -plane, as illustrated in Fig. 5.16.
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Figure 5.16.: Incident angle θe and its projection angle θe,p on the x0 z0 plane.
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Therefore,
x d zd
xd
tan θe,p
=
·
=
= cos(π − ϕe ) = − cos(ϕe ).
tan θe
zd rd
rd

(5.29)

Consequently,
θe,p = − arctan (tan θe cos ϕe ) .

(5.30)

Eq. 5.28 becomes
f± (x0 ; θe , ϕe , λ) = exp −

x0 ± ζ · λ · cos2

η·λ

arctan (tan θe cos ϕe )

!
.

2.0

2.0

1.5

1.5

Height (µm)

Height (µm)

(5.31)
Fig. 5.17 displays the simulation and measurement results of the
Linnik interferometer for TE and TM polarization using a royal blue
LED, where the blue and red curves indicate the results of envelope and
phase evaluation, respectively. The results of the envelope evaluation
of TE polarization in Fig. 5.17a show unsymmetrical batwings, while
the batwing effect almost disappears in Fig. 5.17c, if TM polarization is
assumed. In the measurement results shown in Fig. 5.17b and 5.17d, TE
polarization shows much stronger batwings than TM polarization as well.
However, the batwings are more symmetrical.
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(a) Simulation results of TE polarization. (b) Measurement results of TE polarization.
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(c) Simulation results of TM polarization. (d) Measurement results of TM polarization.

Figure 5.17.: Simulation and measurement results with polarization using
royal blue LED. NA = 0.9, Λ = 6 µm, h0 = 191 nm, HWR =
0.34.
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Fig. 5.18 represents the simulation and measurement results using a
red LED, both of which show stronger batwings in TM polarization, reversed to the case of the royal blue LED. However, the results of envelope
evaluation for TE polarization shows much stronger batwings in simulation
than in measurement.
In summary, the simulation results of the polarization effect from the
three-dimensionally extended Kirchoff modeling agree qualitatively with
the measurement results. For royal blue illumination, results of envelope
evaluation shows stronger batwing in TE polarization than in TM illumina-
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(a) Simulation results of TE polarization. (b) Measurement results of TE polarization.
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(c) Simulation results of TM polarization. (d) Measurement results of TM polarization.

Figure 5.18.: Simulation and measurement results with polarization using
red LED. NA = 0.9, Λ = 6 µm, h0 = 191 nm, HWR = 0.24.

tion, while it reverses for red illumination. However, considerable deviation
between simulation and measurement takes place. Although a difference
of batwing effect in TE and TM polarization is reproduced in the simulation results, the amount of the difference is much higher in measurement
results. Another discrepancy is that a large asymmetry of the batwing in
simulation occurs while the asymmetry is ignorable in the measurement
results. Mainly two reasons lead to this deviation:
• Edge diffraction. The edge diffraction is qualitatively simulated applying heuristical functions based on the Sommerfeld half-plane solution, which is an exact solution for idealized PEC (perfect electrical
conductor) semi-infinite half-plane [Dur09]. A rectangular grating deviates from such an idealization. Additionally, the application of an
edge diffraction function suffers from a mathematical inconsistency
to simplify the analytical deviation. However, a heuristical method
helps to study the influences of the edge diffraction qualitatively. An
analytical modeling of edge diffraction may improve the simulation
results.
• Polarization weighting of diffraction orders. Gratings typically show
dependence of the energy distribution of the diffraction orders (or
diffraction efficiency) not only on grating period, depth and refractive index of the grating material, but also on the polarization
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[Dra06, Pop14]. Clausnitzer et al. [CKK+ 07] transmitted a negative
first order Littrow transmission grating to the zeroth order for one
polarization, while it still efficiently diffracted to the negative first order for the other polarization. Additionally, higher NA often leads to
greater polarization effects [Est05]. Strong polarization dependence
can be exhibited if a dielectric grating has a similar period as the
wavelength of the incident light [CKK+ 07]. Consequently, rectangular gratings with smaller period show larger difference between the
measurement results obtained in TE and TM polarization. Therefore,
a model-based polarization weighting of diffraction orders is meaningful. A rigorous study of the polarization-dependence is usually
performed by RCWA approach.

5.2. Richards-Wolf modeling
Originally, the Richards-Wolf modeling [RW59] is an investigation
based on the Debye diffraction integral [Deb09] of the distribution of the
electromagnetic field near the focus of an aberration-free system which
images a point source. The electric and magnetic vectors in the image
space are derived for the case of a linearly polarized incident field. The
distribution of the time-averaged intensity can be determined in the near of
the focus in polarized or unpolarized field. Additionally, the Richards-Wolf
modeling is not restricted to systems of low aperture. Also optical systems
with high NA value can be inherently considered. Consequently, the
Richards-Wolf modeling is widely applied for determination of the PSF
of an optical microscope imaging system with polarized or unpolarized
illumination, and therefore to estimate the imaging characteristics. In this
section, a simplified two-dimensional Richards-Wolf modeling within the
xz plane is adapted to meet the interferometric setup. Diffraction, temporal and spatial coherence can be considered inherently. The Richards-Wolf
modeling concerning the structure of the image field is introduced in
Appx. B.
Fig. 5.19 shows a schematic illustration of the application of the
Richards-Wolf modeling to an interferometric system. θe and θe0 are the
incident angle related to the object and image plane, respectively. ∆z is
the defocus arising from the depth scan. To meet the requirements of an
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Figure 5.19.: Schematic illustration of application of the Richards-Wolf
modeling to an interferometric system.
interferometric setup, the following assumptions are made:
• A defocus aberration due to defocus of the measuring object from
the focal plane of the objective lens is introduced in the plane of exit
pupil and no other aberrations are considered. Since the camera is
located in the image plane, only the field distribution on the focal
plane of the tube lens needs to be calculated.
• The field distribution arising from the reference arm is considered
additionally. The reference mirror is located in the focal plane and
therefore no defocus aberration occurs.
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• The integration over the incident angle θe0 with respect to the image
plane is transfered into an integration over the incident angle θe with
respect to the focal plane by application of the sine condition.
Fig. 5.20 displays the local and global coordinate systems in the modeling. ~s is an unit vector of an incident ray with an incident angle of θe .
The interference intensity on the detector plane at each depth scan position I(x, ∆z; k, θe ) is calculated numerically. To consider diffraction, the
intensity of any point Pc in the local two-dimensional coordinate system
(xc , zc ) with origin Oc is determined first. Only distances in micrometers
from the origin Oc are of interest due to the limited size of the Airy disc,
where diffraction will take effect in imaging. The diffraction area is ±δx
from Oc . For each incident angle θe and each wavenumber k, the intensity
distribution I(x, ∆z, xc ; k, θe ) at each depth scanning position ∆z is calculated for the local coordinate xc .

z0


s (θ e )
θe

zc
Pc Object plane

Oc

O

2δ x

xc

x0

Figure 5.20.: Local and global coordinate systems regarding the RichardsWolf modeling.
An integration of all intensity values over xc takes diffraction into account:
Z δx
I(x, ∆z) =
I (x, ∆z; xc ) dxc ,
(5.32)
−δx

δx should be chosen to be at least the radius of the Airy disc at the corresponding wavelength. A slightly larger value of δx indicates high accuracy
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of modelling but high computation time3 .
Omitting the constant coefficient, I(x, ∆z, xc ; k, θe ) can be described
as the following sum [RW59]:
I (x, ∆z, xc ; k, θe ) = |E02 | + 2|E12 | + |E22 |,

(5.33)

where
p
E0 (x, ∆z, xc ; k, θe ) =P1 (θe )P2 (θe ) cos θe0 sin θe0 (1 + cos θe0 )

· J0 k sin θe0 |x0c | Eint ,
(5.34)
p
E1 (x, ∆z, xc ; k, θe ) =P1 (θe )P2 (θe ) cos θe0 sin2 θe0

· J1 k sin θe0 |x0c | Eint ,

(5.35)

p
E2 (x, ∆z, xc ; k, θe ) =P1 (θe )P2 (θe ) cos θe0 sin θe0 (1 − cos θe0 )

(5.36)
· J2 k sin θe0 |x0c | Eint ,
with










Eint = Rs (k, θe )Γ(x, xc ; k, θe ) exp j2k ∆z + h(x, xc ) cos θe + Rr (k, θe )
(5.37)
indicating the interference part in E0 , E1 and E2 . P1 (θe ) and P2 (θe ) are
again the pupil functions of the illuminating and collecting lenses, which
are assumed to meet Eq. 5.21. Rs (k, θe ) in Eq. 5.37 is the Fresnel reflection
coefficient of the measurement object. x0c indicates the corresponding local
coordinate in the image plane, therefore, x0c = M · xc with M being the
magnification. Since the reference mirror is placed in the focus position,
the Fresnel reflection coefficient of the reference mirror Rr (k, θe ) is added to
the exponential functions in Eq. 5.37. Γ(x, xc ; k, θe ) indicates the shadow
factor due to the obscuration of oblique incident rays at edge positions on
the bottom plateaus, which also involves the diffraction at edge positions on
the upper plateaus qualitatively. ∆z + h(x, xc ) is the defocus of the corresponding point of Pc on the measurement object, where ∆z and h(x, xc ) are
the depth scan position and the corresponding object height, respectively.
Since no other aberration is assumed in the optical system, the wavefront
3

However, δx is not allowed to be arbitrarily large, since the Richards-Wolf modeling determines the
field distribution in the “near” of the focus.
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along a reflected ray in the plane
 of exit pupil suffers from an additional
phase shift of 2k ∆z + h(x, xc ) cos θe . The light source of a brightfield
illumination is spatially incoherent, therefore, rather than integrating E0 ,
E1 and E2 over the incident angle θe0 immediately due to a coherent point
source in the original Richards-Wolf modeling, the integration is performed
after the intensity I (x, ∆z, xc ; k, θe ) is determined according to Eq. 5.33
for each incident angle. The integration over incident angle θe0 on the image
plane is transfered into an integration over incident angle θe on the object
plane by applying the sine condition for a perfect imaging system:

Consequently,

sin θe = M sin θe0 .

(5.38)

cos θe dθe = M cos θe0 dθe0

(5.39)

results.
Due to the temporal incoherence an integration of the intensity over
all relevant incident angles and wavenumbers is carried out:

Z

kmax

Z

I (x, ∆z; xc ) =
kmin

0
θe,max

I(x, ∆z, xc ; k, θe )dθe0 F (k) S (k) dk,

(5.40)

0

where F (k) and S(k) are the spectral sensitivity of the camera and the
spectral density function of the illumination. Applying Eq. 5.33, the integration over incident angle θe0 in Eq. 5.40 leads to:

Z

0
θe,max

I(x, ∆z, xc ; k, θe )dθe0

0

Z
=
|0

0
θe,max

Z

|E02 |dθe0 + 2
{z
} |
I0

0

0
θe,max

Z

|E12 |dθe0 +
{z
} |0
I1

0
θe,max

|E22 |dθe0
{z
}

(5.41)

I2

Since the incident angle θe0 is very small, 1+cos θe0 ≈ 2 can be performed.
Applying the sine condition Eq. 5.38 and 5.39, substitution of E0 by Eq.
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5.34 results in following equation:

Z

0
θe,max

I0 =
0

4
= 3
M


2
P12 (θe )P22 (θe ) cos θe0 sin2 θe0 (1 + cos θe0 ) J02 k sin θe0 |x0c | · |Eint |2 dθe0

arcsin NA

Z


P12 (θe )P22 (θe ) cos θe sin2 θe J02 k sin θe |xc | · |Eint |2 dθe .

0

(5.42)

Similarly,
2
I1 = 5
M

Z

1
I2 = 3
M

Z

arcsin NA


P12 (θe )P22 (θe ) cos θe sin4 θe J12 k sin θe |xc | · |Eint |2 dθe .

0
arcsin NA

P12 (θe )P22 (θe ) cos θe sin2 θe

0


· J22 k sin θe |xc | |Eint |2 dθe .



q
1 − 1 − sin θe /M

(5.43)

2
(5.44)

Due to the high magnification of the Linnik (M = 100) and Mirau
interferometer (M = 50) used for experimental measurements in this work,
the terms of I1 and I2 are much smaller than I0 and therefore ignored in
further calculations. Furthermore, the coefficient in front of the integral in
Eq. 5.42 is dropped.
Finally, applying Eq. 5.41 and 5.40 in 5.32 determines the intensity
distribution I(x, ∆z) in the image plane at each depth scan position.
The determination of the shadow factor Γ is not based on rigorous
mathematical modeling, but on physical phenomena. The calculation of
Γ is very similar to the edge diffraction function Γ in Eq. 5.27, i.e. Γ
is a function composition of f± as well: Γ = g(f± ). f± depends on the
aspect ratio additionally, as shown in Eq. 5.45. Firstly, function values
of f± of xc ∈ (0, −Λ/2] are appended to an array of unity to generate
new functions of Γ+ and Γ− , respectively. Subsequently, Γ+ and Γ− are
weighted appropriately and added together.


η·λ
.
(5.45)
f± (xc ; θe , λ, AR) = exp −
xc ± ζ · cot (AR) λ · cos2 θe
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Shadow factor (-)

η and ζ are modeling parameters to adapt the course of the function. In
the simulations η = ζ = 0.1 is assumed. xc is assigned with values from
−δx to δx , where the edge is located at the zero position. The function g
is again similar as in Sect. 5.1.3.
The shadow factor is dependent on the incident angle θe , wavelength
λ and the aspect ratio (AR). Fig. 5.21 shows the dependencies to these
physical parameters. For the sake of a clear graphical illustration, one and
a half period of the rectangular grating and its corresponding shadow factor
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(a) Shadow factors for θe = 0◦ and θe = 60◦ ; Λ =
0.8 µm, h0 = 0.167 µm, λ = 0.6 µm.
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(b) Shadow factors for λ = 0.4 µm and λ = 0.60 µm;
Λ = 0.8 µm, h0 = 0.167 µm, θe = 30◦ .
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(c) Shadow factors for Λ = 0.8 µm, h0 = 0.167 µm, AR = 0.42
and Λ = 2 µm, h0 = 0.184 µm, AR = 0.18; θe = 30◦ , λ =
0.6 µm.

Figure 5.21.: Illustration of dependencies of shadow factors on incident angle, wavelength and AR.
are shown. The abscissa of the local coordinate xc is substituted by the
global one x. However, the local shadow factor can be easily calculated in
dependency of xc . The dashed line indicates the original rectangular profile
and the solid lines represent the shadow factor curves, which is multiplied
with the Fresnel reflection coefficient in the modeling. In each subfigure,
only one parameter is changed, while the others are kept constant. In the
following the dependencies on the physical parameters are illustrated:
• Dependency on incident angle: The incident angle has a range from
−90◦ to 90◦ theoretically, depending on the NA of the microscope
objective. The higher the incident angle is, the lower the field amplitude at the corresponding edge position on the bottom plateau will
be4 , as shown in Fig. 5.21a. If θe = 0◦ , the shadow factor on the
bottom plateau is symmetrical.
• Dependency on wavelength: The shadow factor involves the influence
of edge diffraction qualitatively. The higher the wavelength value is,
the stronger the edge diffraction is. Consequently, the shadow factor
of a wavelength λ = 0.6 µm converges slower compared to a smaller
4

For θe > 0, the edge at x = 0.8 µm is the corresponding one.
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wavelength λ = 0.4 µm, as shown in Fig. 5.21b.
• Dependency on AR value: The higher the AR value is, the more
the obscuration of the oblique rays will be and the more the shadow
factor influences the measurement results. Therefore, as shown in
Fig. 5.21c, the field amplitude on the bottom plateau of a rectangular
grating with Λ = 0.8 µm, h0 = 0.167 µm (i.e. AR = 0.42) is lower
than the one of a grating with Λ = 2 µm, h0 = 0.184 µm (i.e. AR =
0.18). For the RSN grating with Λ = 6 µm, AR = 0.06 results and
the shadow effect can be ignored.
In the following, simulation and measurement results are shown regarding the NA effect and the batwing effect on perpendicular and quasiperpendicular edge structures. Furthermore, a Chrome-on-glass grating is
studied using Richards-Wolf modeling.

5.2.1. NA effect, Interferograms and Batwings
The illumination is assumed to be spatially perfectly incoherent as
Köhler illumination is, for example. Longitudinal coherence takes effect
if a microscope objective is used [Abd12]. In this case a finite depth of
field depending on the NA value occurs. For high NA objectives, longitudinal coherence is dominant and therefore, the width of the inference
correlogram is determined by spatial coherence gating rather than by the
temporal coherence gating [LX15].
As the NA increases, the fringe spacing in the interference correlogram increases too. Simulated interferograms with different properties of
temporal and spatial coherence at plateaus and edges using Richards-Wolf
modeling agree with the results of the Kirchhoff modeling shown in Fig.
5.3 [XLNT16]. Fig. 5.22 shows simulated and measured correlograms and
their spectra. The simulation uses the nominal spectral density of the royal
blue LED measured by a spectrometer, which has a center wavelength of
451 nm. The measured correlogram is obtained by a Mirau interferometer with NA of 0.55 at a plane surface of silicon. Therefore, the Fresnel
reflection coefficient Rs (k, θe ) of the measurement object for simulation is
calculated based on the refractive index of silicon. The simulated and
measured correlograms in Fig. 5.22 indicate a good agreement. While
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the simulated correlogram shows a symmetry at ∆z = 0, the measured
one shows a slight asymmetry, which is possibly due to dispersion in the
optical system. However, fringe spacing of both correlograms agrees well.
Additionally, both correlograms demonstrate low sidelobes, which is due
to the sinc-shaped depth response of the microscope objective.
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Figure 5.22.: Simulated and measured correlograms and their spectra using
a royal blue LED, NA = 0.55. An effective wavelength of
492 nm and 493 nm results from simulated and measured
correlograms, respectively [XHW+ 16].
The effective wavelength λeff is determined by the centroid of the spectral density shown in Fig. 5.22. The green curve is the Gaussian-like nominal spectral density of the royal blue LED measured by a spectrometer.
The simulation results of the Kirchhoff modeling and the Richards-Wolf
modeling agree with the measurement results. Due to the NA effect both,
simulated and measured spectra show an extension to the longer wavelength (redshift). λeff of 492 nm and 493 nm results from the simulated
and measured correlogram, respectively. Therefore, a NA factor χ = 1.09
results in both cases.
For the Linnik interferometer, Fig. 5.23 shows the simulated and measured correlograms and their spectra using a red LED. The simulated and
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measured results agree quite well again. A slight asymmetry is again observed in the measured correlogram. Compared with the spectra obtained
with the NA of 0.55, the spectra in Fig. 5.23 are far more extended to
higher wavelength, i.e. a much greater redshift appears. Consequently,
a NA factor of 1.24 results for the simulated and measured correlograms,
respectively.
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Figure 5.23.: Simulated and measured correlograms and their spectra using a red LED, NA = 0.9. An effective wavelength λeff of 780
nm and 776 nm results from simulated and measured correlograms, respectively [XHW+ 16].
Simulations and measurements using other color LEDs introduced in
Fig. 5.2 were also made. Generally, the NA factor is independent of the
spectra of LEDs used. If the apodization index ζ takes the value of zero,
which corresponds to an aberration-free system satisfying Abbe’s sine condition and no apodization, the NA factor increases since rays of high incident angles are no longer suppressed. Simulation shows that a NA factor
of 1.33 results in case of NA = 0.9 and it changes to 1.10 for NA = 0.55.
The NA factor obtained from simulation agrees well with the analytical
results obtained by Sheppard and Larkin [SL95].
Fig. 5.24 displays the simulation results of the correlograms at plateau
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(a) Correlograms and their spectra using royal blue LED.
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(b) Correlograms and their spectra using red LED.

Figure 5.24.: Simulation results of correlograms and their spectra using
Richards-Wolf modeling. NA = 0.9, Λ = 6 µm, h0 = 191 nm.
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(a) Topography and effective wavelength using royal blue LED.
HWR = 0.35.
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and edge positions of the RSN rectangular grating with a period of 6 µm
using royal blue and red LED illumination, respectively. The spectra of
the correlograms are plotted as well.
The simulation results of the Richards-Wolf modeling agree to those
of the Kirchhoff modeling shown in Fig. 5.4a and 5.5a, and to measurement results shown in Fig. 5.4b and 5.5b as well. The AR value of the
rectangular grating is 0.06. Compared to the correlogram at the plateau,
the correlogram at an edge shows a broadening for royal blue LED illumination and a larger fringe spacing in the middle of the correlogram for red
LED illumination, respectively. Their spectra indicate again a constriction at a wavelength of 0.78 µm, because destructive interference occurs at
HWR = 0.25. Fig. 5.25 shows the simulation results for the grating profile
and the effective wavelength using Richards-Wolf modeling.
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(b) Topography and effective wavelength using red LED. HWR = 0.24.

Figure 5.25.: Simulation results of topography profile and effective wavelength using Richards-Wolf modeling; NA = 0.9, Λ = 6 µm,
h0 = 191 nm, AR = 0.064.
In each sub-figure, profiles resulting from envelope evaluation (blue
curve) and phase evaluation (red curve) are shown. The lower diagram
presents the effective wavelength determined from the spectra of the correl-
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ogram at each pixel position. The simulation results of the Richards-Wolf
modeling agree well with the results of Kirchoff modeling shown in Fig.
5.6 and the measurement results shown in Fig. 5.7. The effective wavelengths on the plateau are 552 nm and 780 nm for royal blue and red LED
illumination, respectively, which agree well with the results of Kirchhoff
modeling shown in Tab. 5.2. Therefore, a HWR value of 0.35 and 0.24 results correspondingly. Consequently, small batwings occur in envelope and
phase evaluation for royal blue illumination and strong batwings appear
for red LED illumination. The effective wavelength indicates again at the
edge positions a constriction for royal blue illumination and an increase for
red LED illumination.
The Kirchhoff modeling is not appropriate for rectangular grating with
high AR value, as shown in Fig. 5.9. However, the Richards-Wolf modeling
can be applied for this purpose by introducing the shadow factor, which is
dependent on the AR value.
Fig. 5.26 and 5.27 show simulation and measurement results of topography profile and modulation depth, using royal blue and red LED
illumination, respectively. The rectangular grating has a period of 0.8 µm
and a height of 167 nm. Therefore, a high AR value of 0.42 results. Qual-
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(b) Measurement results.

Figure 5.26.: Simulation results using Richards-Wolf modeling and measurement results of topography profile and modulation depth
for royal blue illumination; NA = 0.9, Λ = 0.8 µm, h0 =
167 nm, AR = 0.42.
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(b) Measurement results.

Figure 5.27.: Simulation results using Richards-Wolf modeling and measurement results of topography profile and modulation depth
for red illumination; NA = 0.9, Λ = 0.8 µm, h0 = 167 nm,
AR = 0.42.

itatively, the simulation results agree well with the measurement. In both
figures the modulation depth shows different values at upper and bottom
plateau positions due to the shadow effect, instead of being the same in
the Kirchhoff modeling shown in Fig. 5.9a. Consequently, the topography
profiles show a different width of upper and bottom plateaus. In Fig. 5.27,
the ratio of the width of the upper plateau to the bottom plateau in simulation agrees well with the measurement results. Besides, the modulation
depth on the upper plateaus is about two times of the one on the bottom
plateaus, which agrees with the measurement results. In Fig. 5.26, a royal
blue LED with smaller wavelength is used for illumination. Therefore, the
shadow factor converges faster than in case of a red LED, as shown in Fig.
5.21b. Consequently, the ratio of modulation depth at bottom plateaus to
the one at upper plateaus is higher, if a royal blue LED is used instead
of a red LED. However, simulation results shown in Fig. 5.26a indicate
a smaller difference of the width between the upper and bottom plateaus.
One possible reason is that the convergence of the shadow factor on the
bottom plateau is faster than in the experimental case. A parameter setting
of η and ζ in Eq. 5.45 may reduce the deviation.
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5.2.2. Quasi-perpendicular edges
Measurement results obtained from rectangular gratings with perpendicular edges show systematical batwing effects, especially if the HWR is
approximately 0.25. The batwing effects disappear if the HWR is about
0.5. These rectangular gratings have vertical or at least nearly vertical sidewalls, so that the edges can be considered perpendicular since the width
of the step is considerably smaller than the Airy disc diameter of the corresponding illumination. Fig. 5.28 shows a measurement result of the
RSN rectangular grating with Λ = 6 µm using an Atomic-force Microscope (AFM) instrument. The width of the edge is about 0.3 µm, which is
considerably smaller than the Airy disc diameter of the LED illumination
used in this work.
300 nm
200 nm
0.3 µm
100 nm
0 nm
0 µm

3 µm

6 µm

9 µm

Figure 5.28.: Measurement results of the RSN rectangular grating with a
period of 6 µm using a AFM instrument.
If the edge is perpendicular, the occurrence of the batwing effect can
be estimated by the HWR value. However, in practice due to deviations or
even errors of fabrication edges often show a slope smaller or much smaller
than 90◦ . Fig. 5.29 displays measurement results of a nanoimprinted cavity
structure [NAM+ 16] using a commercial confocal microscope (NanoFocus
surf 320XS), which is equipped with an objective of 50x magnification and
a NA of 0.95.
Compared to the RSN rectangular gratings, the nanoimprinted cavity
has a much larger size leading to the impression that the edge seems to be
perpendicular at first sight. However, a detailed examination in its cross
section in Fig. 5.29b indicates an edge width of 1.7 µm, which is much
larger than the Airy disc diameter of the corresponding illumination. Such
edges are named as “quasi-perpendicular” edges throughout this work. For
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(a) 3D illustration of measurement
results.

(b) Cross section of Fig. 5.29a.

Figure 5.29.: Measurement results of the nanoimprinted cavity structure
using confocal microscope; NA = 0.95, cyan LED illumination.
simulation purposes a Gaussian transition of the profile from the upper to
the bottom plateaus is assumed. Consequently, the object under investigation has a perpendicular edge of height h0 and a full width Λ, as shown by
the solid line in Fig. 5.30, or a quasi-perpendicular edge with a Gaussian
transition between the upper and lower plateau, as shown by the dashed
line.
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Λ/2
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Figure 5.30.: Object structure with perpendicular or quasi-perpendicular
edges.
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The parameters Λ and h0 used in the simulation correspond to the measurement data. A Kirchhoff modeling of gratings with quasi-perpendicular
edges is hard to achieve, since the diffraction orders should be calculated
analytically in spite of the complex geometrical profile. However, the
Richards-Wolf modeling can be conveniently applied due to its numerical approach, which is in the following used for simulation. Assuming the
edge is perfectly perpendicular, Fig. 5.31 shows the simulated results of a
step height of 410 nm. If blue LED illumination is used, a HWR value of
0.66 is obtained. Therefore, a slight batwing effect can be observed in the
envelope evaluation result shown in Fig. 5.31a. If a deep red LED is used,
HWR = 0.47 results and no batwing appears.
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(a) Simulated topography of perpendicular edge using blue LED. NA = 0.9,
h0 = 410 nm and HWR = 0.66.
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(b) Simulated topography of perpendicular edge using deep red LED. NA =
0.9, h0 = 410 nm and HWR = 0.47.

Figure 5.31.: Simulation results of perpendicular edges using blue and deep
red LEDs, NA = 0.9 [XHW+ 16].
However, if a quasi-perpendicular edge is present, simulation and measurement results differ from Fig. 5.31. A nanoimprinted cavity of a FabryPérot filter [NAM+ 16] as a part of a filter array is measured by the Linnik
interferometer with NA = 0.9. Fig. 5.32 shows the simulation and measurement results. Contrarily, no batwing effect is present in both, simulation and measurement results, if blue LED illumination is used and strong
batwings occur in case of red LED illumination.
Similar effects are observed if the Mirau interferometer with NA = 0.55
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(c) Simulated topography of quasiperpendicular edge using deep red
LED.
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(b) Measured topography of quasiperpendicular edge using blue
LED.
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(a) Simulated topography of quasiperpendicular edge using blue LED.
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(d) Measured topography of quasiperpendicular edge using deep red
LED.

Figure 5.32.: Comparison of simulated and measured results of a quasiperpendicular edge at NA = 0.9 [XHW+ 16].
is used. In this case, batwing effects occur for red LED illumination at a
perpendicular edge of 480 nm height and they vanish in case of blue LED
illumination. This effect may reverse if a quasi-perpendicular edge is investigated.
A schematic illustration for an explanation due to diffraction at a quasi-
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δdiff = 2δx

∆h

Figure 5.33.: Schematic illustration of diffraction
perpendicular edge [XHW+ 16].

area

at

quasi-

perpendicular edge is shown in Fig. 5.33. δdiff is a length related to the size
of the Airy disc where diffraction should be considered. In the simulation,
δdiff corresponds to the integration area in Eq. 5.32, therefore, δdiff = 2δx .
∆h is the height change at the quasi-perpendicular edge corresponding to
δdiff . Whether batwings appear or not depends not on the total step height,
but on the height change involved in diffraction area, i.e. the surface slope.
∆h depends on the slope of the edge and the size of δdiff , which is much
smaller in case of a blue LED compared to a deep red LED. Consequently,
batwings can occur even if the HWR related to the total step height is
about 0.5. Since the value of δdiff is in the sub-micrometer range for visible
light and high NA values, edges appearing to be perpendicular and having a steep slope should be treated as quasi-perpendicular edges in most
practical cases.

5.2.3. Chrome-on-glass grating
While the Kirchhoff modeling is not capable to consider rectangular
gratings with inhomogeneous Fresnel reflection, such as Chrome-on-glass
gratings, the Richards-Wolf modeling can be easily adapted for this purpose
by extending the Fresnel reflection coefficient Rs (k, θe ) to Rs (x, xc ; k, θe )
from Eq. 5.34 to 5.36.
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Fig. 5.34 displays the 3D measurement results of a USAF resolution
target using a Mirau interferometer. The results of phase evaluation are
shown. The chrome pattern on glass consists of groups, which again consist
of elements of three rectangular bars with dimensions from big to small.
The higher the group or element number is, the smaller the bars are. The
spatial frequency of the bars covers a range of 1 to 645 line pairs/mm. The
high frequency part is appropriate to study of transfer characteristics of
the optical instruments like Mirau and Linnik interferometers, as well as
confocal microscope.

Figure 5.34.: 3D measurement results of the USAF resolution target using
Mirau interferometer. NA = 0.55, royal blue LED illumination.
For the Mirau interferometer measurement results of bars with a frequency of 71.8, 144, and 228 line pairs/mm are displayed in Fig. 5.35. For
reference a measurement result of the largest square profile shown on top in
Fig. 5.34 is displayed as well. Measurement results using an AFM instrument and a confocal microscope indicate a height of the chrome pattern
of approximately 55 nm, which is independent of the bar frequency. Due
to the small reflection coefficient on the glass surface, a bad SNR value
of the interference correlograms leads to strong fluctuations of the results
of envelope evaluation (blue curve in the upper figures). However, these
fluctuations disappear in the results of phase evaluation (red curve in the
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(d) Group 7, element 6. Λ = 4.4 µm.

Figure 5.35.: Measurement results of the USAF resolution target at bars
of different spatial frequencies using a Mirau interferometer,
NA = 0.55, h0 = 55 nm, royal blue LED illumination.

upper figures). The real height of 55 nm can not be reconstructed, neither
in the envelope evaluation, nor in phase evaluation. For the biggest square
structure of 35 µm width, diffraction can be ignored for height estimation.
Here, a height of 46 nm and 37 nm results from the envelope and phase
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evaluation, respectively. The deviation to the real height value is due to
difference of the phase shift when the incident rays are reflected on Chrome
and glass. If the bar width becomes smaller, diffraction takes effect, even at
a profile period of 13.9 µm. Diffraction effects can be seen on the estimated
height of the bars with different periods. The higher the bar frequency is,
the smaller the estimated height will be. The estimated height changes
from 33 nm to 16 nm, as the bar period changes from 13.9 µm to 4.4 µm.
Additionally, the upper plateau indicates a larger width than the bottom
plateau. The difference becomes higher, as the bar period becomes smaller.
Both, the underestimated profile height and the different width of the upper and bottom plateaus are consequences of the dramatical difference of
Fresnel reflection coefficients of Chrome and glass. However, The course
of the modulation depth indicate a good estimation of the edge position,
since the width of the upper and bottom plateaus are approximately the
same.
Fig. 5.36 displays the simulation results corresponding to the measurement results in Fig. 5.35. For the biggest square profile on the USAF
resolution target, as shown in Fig. 5.36a, height values of 49 nm and 39 nm
result from the envelope and phase evaluation, respectively, which deviate
from the real height value of 55 nm as well. Again, the underestimation of
the height value arises from the different phase shift when incident rays are
reflected on Chrome and glass surfaces. Simulation results of the bars with
periods of 13.9 µm, 6.9 µm and 4.4 µm are shown from Fig. 5.36b to 5.36d,
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Figure 5.36.: Simulation results of the USAF resolution target at bars
of different spatial frequencies using a Mirau interferometer,
NA = 0.55, h0 = 55 nm, royal blue LED illumination.
corresponding to measurement results from Fig. 5.35b to 5.35d. The simulation and measurement results agree qualitatively with each other well.
Different width of upper and bottom plateaus in the results of envelope
and phase evaluation occur, while in the results of modulation depth do
not differ. The estimated height value becomes smaller, as the bar width
decreases. Additionally, batwings occur in results of envelope evaluation,
both in simulation and measurement. Despite of low SNR value arising
from the low reflection on glass, the batwings in measurement results can
still be clearly observed. Furthermore, as well as measurement results, the
simulation results indicate that the modulation depth is more appropriate
for edge determination than the evaluated topography profiles.

5.3. Conclusion
This chapter concerns a theoretical and an experimental study of temporal and spatial coherence in WLI, while considering diffraction simultaneously.
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Temporal and spatial coherence are two independent physical correlation effects between light waves, both of which are considered independently in two different mathematical models. The first model is based
on the analytical Kirchhoff scattering theory. For incident rays at each
incident angle and wavenumber the diffraction orders are calculated and
then filtered due to the limited NA in the Fourier plane of the imaging
system. The diffraction orders, calculated by analytical development of
Fourier series of the corresponding phase gratings, are summed coherently
with the corresponding coefficients to determine the field amplitude of the
object arm. The amplitude of the reference arm including only the zeroth
diffraction order is added to the amplitude of the object arm, considering
the weighing factor arising from the Fresnel reflection coefficient. Consequently, the intensity is obtained from the total amplitude of the object and
reference arm. Due to the temporal and spatial incoherence, an integration of the intensity over the wavenumber and incident angle is performed
finally.
Temporal and spatial coherence gating of the interference correlogram
can be simulated well. If the spectral bandwidth of the illumination is
large and the NA of the imaging system is small, the temporal coherence
gating is dominating and contrarily it reverses. Additionally, the NA effect
on the fringe spacing of the interferogram is quantitatively well simulated
assuming a plane mirror as measurement object. Corresponding to the NA
effect, the effective wavelength can be determined by Fourier transform of
the interference correlogram. Consequently, the HWR value is calculated
in combination with the height of the rectangular grating. This modeling
is appropriate for rectangular gratings with low aspect ratios. Different
color LEDs are used to adapt the HWR value in an appropriate range,
while the same rectangular grating with a period of 6 µm and a height of
191 nm is used. The batwing effect can be studied more precisely than
in Chap. 3, since the spatial coherence and consequently the NA factor is
considered as well. Simulation results show that maximal batwings occur
if the HWR value is 0.25. Furthermore, the effective wavelength decreases
at edge positions, if the HWR is larger than 0.25 and contrarily it reverses.
Measurement results are achieved by a Linnik interferometer with a NA
value of 0.9. The same LEDs as in the simulation are employed for illumination in the experimental setup. The simulation and measurement results
agree with each other well.
Polarization effects can be qualitatively simulated by extending the 2D
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modeling into 3D modeling and considering the edge diffraction additionally. Polarization-dependent edge diffraction is modeled using heuristical
functions based on the knife-edge diffraction theory of the Sommerfeld
half-plane solution. Both, simulation and measurement results display a
stronger batwing for TE polarization and royal blue illumination, while
for red illumination stronger batwings occur for TM polarization. However, simulation results show unsymmetrical batwings, and additionally,
the change of the batwing height for TE and TM polarization is not as
much as in measurement results. These deviations may arise from the fact
that firstly the edge diffraction of a rectangular grating based on heuristical
approach deviates from the reality and secondly the polarization weighting
of diffraction orders is not considered.
The Kirchhoff modeling is only appropriate for rectangular gratings
with low AR values and homogeneous Fresnel reflection. For quasiperpendicular or complex profiles the Kirchhoff model is difficult to extend
due to the complex development of the Fourier series. Besides the analytical
Kirchhoff modeling, a simplified two-dimensional Richards-Wolf modeling
for an aberration-free imaging system, which calculates the electromagnetic field near the focus numerically, is adapted to fit the interferometric
measurements. The Richards-Wolf model can be used for rectangular gratings with high AR values by introduction of a heuristical shadow factor.
Besides, electromagnetic fields from complex and irregular profiles with
or without inhomogeneous Fresnel reflection can be simulated using the
Richards-Wolf model as well.
Good consistency with the Kirchhoff results and experimental measurements can be achieved using the Richards-Wolf modeling to simulate
the NA effect, interference correlograms on plateaus and at edge positions,
and the batwing effect related to the HWR value. Simulation results for a
rectangular grating with high AR value, which has a period of 0.8 µm and
a height of 167 nm, agree with measurement results, both of which show a
larger width on the upper plateau than on the bottom plateau.
If a quasi-perpendicular edge is measured, the occurrence of batwings
may not meet the conclusions drawn from a perpendicular grating with
regard to the HWR value. Measurement results of a nanoimprinted cavity
structure with quasi-perpendicular edges have shown that batwings occur
even the HWR value is approximately 0.5, which confirms the simulation
results of a quasi-perpendicular edge with Gaussian transition from the upper plateau to the bottom plateau. The reason of this “abnormality” is that
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the edge width is considerably larger than the corresponding Airy disc diameter of the illumination (therefore named “quasi-perpendicular”), which
leads to the fact that the diffraction area is smaller than the complete edge
field. Consequently, only the height change within the diffraction area, not
the total height of the edge, contributes to occurrence of the batwings.
Finally, an USAF resolution target with Chrome structures on a glass
substrate is used for simulation and measurement. Both, simulation and
measurement indicate an underestimation of the profile height due to the
different phase shift when the incident rays are reflected on the Chrome
and glass surfaces. As the period of the bars is getting smaller, the estimated height of the bars becomes smaller as well. Additionally, the width
of the upper plateaus is estimated larger than the width of the bottom
plateaus. Diffraction and high difference of the Fresnel reflection coefficients of Chrome and glass are assumed to be the main reason of this effect. However, the modulation depth shows approximately the same width
of upper and bottom plateaus and is therefore more appropriate for the
determination of edge positions.
Neither double nor multiple scattering is considered in both modelings.
Consideration of double or multiple scattering may help if a rectangular
grating with high AR value or surface roughness of a rectangular grating
should be considered [BD91, Fu05].
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6. Confocal microscope and
confocal interference
microscope
White light interferometry suffers from the batwing effect, especially if
the HWR value is close or equal to 0.25 or 0.75 in the case of rectangular
gratings, or if steep slopes occur at the surface topography. Consequently,
height errors take place in both simulation and measurement results, as
shown in Chap. 3 and Chap. 5. The profile height obtained from envelope
evaluation suffers from overestimation. If the height error exceeds ±λeff /4,
errors of fringe order determination occur and consequently the results of
phase evaluation suffer from ghost steps. Two main reasons lead to the occurrence of batwings. The first is the coherence effect inherently required
in white light interferometry. Taking a rectangular grating as example,
if the profile height h0 is larger than the temporal coherence length, no
batwing takes place because of the limited coherence gating. Equivalently,
if the focal gating arising from the longitudinal spatial coherence is dominant compared to the temporal coherence gating and it is even smaller than
the grating height, no batwing occurs either. Another reason of batwing
is diffraction. The interference signal close to edges is a superposition of
contributions over an area at the upper and bottom plateaus corresponding to the Airy disc of the optical system. Consequently, the Airy disc size
must be significantly related to the strength of the batwings. Compared to
conventional microscopes, confocal microscopes have a significantly smaller
depth of focus and additionally a narrower point spread function [Wil90].
Therefore, confocal microscopy is often refereed to have a superior lateral
resolution because of its narrow PSF. Hence, a combination of confocal
microscopy and white light interferometry should have the advantage of a
superior lateral resolution correspondingly. Additionally, it is interesting
to investigate whether a reduced depth response compared to conventional
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white light interferometry occurs.
This chapter deals with confocal microscopy and white light interferometry in a confocal setup of the illumination and imaging system. At
first, an introduction of confocal microscopy concerning its depth and
transverse response will be given. Subsequently, a modeling based on the
Richards-Wolf theory for confocal microscopes considering both temporal
and spatial coherence is presented. Different types of samples are considered, including perpendicular and quasi-perpendicular edges, as well as
step structures with inhomogeneous Fresnel reflection coefficients (SiO2 -onSi grating). Simulation and measurement results are compared. Finally,
the Richards-Wolf model is extended to confocal interference microscopy.
Simulation and experimental results compared to conventional interferometry are illustrated with regard to lateral and depth resolution.

6.1. Introduction of confocal microscopy
Confocal microscopy, firstly developed and patented by Marvin Minsky [Min61], was originally desired to enable a reconstruction in virtual 3D
images of biological tissues without cutting the sample into slices. In conventional microscopy, imaging of a tissue section suffers from background
“noise” coming from illumination of other parts of the sample. Confocal
microscope utilizes pinhole apertures to achieve axial depth discrimination
and high contrast of the image, as shown in Fig. 6.1 . An illumination pinhole generates a point light source to illuminate a specimen. This ensures
that only one point within the specimen is lit and therefore eliminates lateral light interference. The detector pinhole eliminates out-of-focus light,
resulting in optical sectioning and enhancement of contrast by suppression of light scattered from defocused specimen locations. Both pinholes
are placed in a conjugate focal plane of the object plane in focus (hence
the designation of “confocal”). Consequently, confocal microscopes provide
high-quality images with fine detail and enhanced contrast. If the object is
in focus, the point detector behind the detector pinhole records maximal
intensity. If a defocus of ∆z is present, most of the light reflected to the
detector is obscured, as illustrated by the red and green rays in Fig. 6.1.
Therefore, a small FWHM value of the depth response results.
As only one point in the sample is illuminated at a time, 2D or 3D
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Figure 6.1.: Discrimination of the depth response in confocal microscopy.
imaging requires scanning over a regular raster, e.g. a rectangular pattern
of parallel scanning lines, in the specimen. Measurements relying on moving the entire specimen and its supporting stage in two dimensions is too
slow and vibration-sensitive [Bvv+ 85,RMK+ 85]. A review of confocal scanning implementations is given in [CL05]. White and Amos [Whi87,Amo91]
achieved an areal measurement by utilizing an arrangement of scanning
mirrors to yield a “flying spot” which rotates around a point, resulting in
a corresponding translation of the focused spot. Egger et al. [EP67] designed and constructed a multiple-beam confocal microscope in the late
1960s utilizing a Nipkow disk, which uses arrays of pinholes to achieve parallel scanning and therefore increase the speed of data acquisition significantly. Sheppard et al. [SC77] contributed a theoretical analysis of image
formation applying Fourier optics and proves that confocal microscopes
have improved imaging properties over conventional microscopes.
Not only in biological and medical fields, confocal microscopy is also
applied in non-contact characterization of engineering surfaces, e.g. rough
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surfaces, waviness or deterministic micro structures [HS82,XCK88,JWT98,
BKK13]. Since the 1990s, advances in computer and laser technology,
highly precise scanning mirror units and efficient algorithms for digital
manipulation and evaluation of images enabled an automatic, efficient and
precise reconstruction of 3D images of the specimen. Jordan et al. [JWT98]
describe ultra-precise optical 3D measurements of engineering surfaces by
employing a confocal microscope with medium numerical apertures. Combined with CCD image processing, a rotating Nipkow disc achieves a realtime areal scanning up to 1 mm2 of the object field. Object fields up
to square centimeters can be accurately measured by applying microlens
arrays [TU94, TAKW96, JWT98]. Since the invention of the digital micromirror device (DMD) in 1987 [Hor91] DMDs are utilized as a spatial
light modulator to provide programmable confocal optical sectioning with
a single camera in a confocal microscope [LSK97, VHV+ 98, MH12]. The
DMD device acts as a solid state Nipkow disc with the additional feature
to change the pinholes size and separation, and to control the light intensity
on a mirror-by-mirror basis. Xiao et al. [XHXP13] utilized an incoherent
LED illumination in a DMD-based confocal microscope to achieve high
uniformity and lighting efficiency. Buajarern et al. [BKK13] made an experimental study and concluded that a confocal microscope proved to be an
appropriate instrument for measuring moderately rough to rough surfaces.
Surfaces of complex geometry, e.g. step structures, can also be accurately
measured after a calibration of optical aberration is performed.
Some systematical artifacts arising from confocal measurement was introduced in Sect. 1.4.

6.1.1. Depth response
The distinguishing feature of axial depth discrimination in confocal
microscopy has been studied by many researchers. The first theoretical treatment of the depth response originates from acoustic microscopy
[Ata78, Wic79]. Cox et al. [CHS82] adapted it in scanning optical microscopy, while intentionally to identify materials with different optical
properties from their characteristic responses. Kino et al. [KX90] used
scalar theory to study the depth and transverse response of a confocal microscope for a given pinhole size. In this section, an introduction of the
derivation of the depth response using the full electromagnetic wave vector
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theory of Richards and Wolf [RW59] is given, assuming an infinitesimally
small pinhole and a plane reflector in the object plane.
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Figure 6.2.: Illustration of the coordinate system regarding Richards-Wolfmodeling.

Ignoring any proportional coefficients, for any point (rP , φP , θP ) located in the spherical coordinate system with origin being the intersection
of the optical axis and the focus plane, as shown in Fig. 6.2, the vectorial
electrical field can be calculated according to Eq. 6.1 [RW59]:


Ex (rP , φP , θP ) = −jA E0 (rP , θP ) + E2 (rP , θP ) cos 2φP ,
Ey (rP , φP , θP ) = −jAE2 (rP , θP ) sin 2φP ,

(6.1)

Ez (rP , φP , θP ) = −2AE1 (rP , θP ) cos φP .
where A is a constant and
Z θe,max
0
p
2
E0 (rP , θP ) =
P (θe ) cos θe0 sin θe0 (1 + cos θe0 ) J0 (krP sin θe0 sin θP )
0


· Rs (k, θe ) exp (jkrP cos θe0 cos θP ) exp jΦ(θe ) dθe0 , (6.2)
Z
E1 (rP , θP ) =

0
θe,max

cos θe0 sin2 θe0 J1 (krP sin θe0 sin θP )
0


· Rs (k, θe ) exp (jkrP cos θe0 cos θP ) exp jΦ(θe ) dθe0 ,
P 2 (θe )

p

(6.3)
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Z
E2 (rP , θP ) =

0
θe,max

p
cos θe0 sin θe0 (1 − cos θe0 ) J2 (krP sin θe0 sin θP )
0


· Rs (k, θe ) exp (jkrP cos θe0 cos θP ) exp jΦ(θe ) dθe0 . (6.4)
P 2 (θe )

Ex , Ey , Ez are the x, y and z-components of the electrical field at point
P . θe and θe0 are the incident angle of an unit vector of an incident ray on
the object and image plane, respectively. Rs (k, θe ) is the Fresnel reflection
coefficient on the object plane. P (θe ) is the pupil function of the objective
lens and Φ(θe ) is the aberration function of the wavefront in the plane of
exit pupil arising from defocus ∆z in the object plane, as shown in Fig.
6.3.
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entrance pupil

Object
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Objective lens

Tube lens
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Point reflector, η=1
Detector
pinhole

Mirror reflector, η=2
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Figure 6.3.: Schematic of the focusing system for derivation of the depth
response.
Assuming no other aberration is present in the optical system, when
a mirror-like object is moved a distance of ∆z from the focal plane, the
wavefront along a reflected ray in the plane of exit pupil suffers from an
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additional phase shift Φ(θe ) = −ηk∆z cos θe , where η is a modeling parameter dependent on the illumination properties of the sample surface.
If a point-wise measurement is assumed, a plane object may therefore be
regarded as being composed of point reflectors. Each point on the measurement object is considered as a single scatterer and therefore η = 1 is
assumed. Contrarily, if the illumination is perfectly reflected on the sample
surface, e.g. the sample is a perfect mirror, η = 2 should be assumed1 .
Considering η = 1 first, the reflected ray undergoes an additional phase
shift of −k∆z cos θe with regard to the incident ray. Since the detector pinhole is located at the focal plane of the tube lens and only the intensity on
the optical axis is of interest for the determination of the depth response,
rP = 0 results. Consequently, the argument of both, the Bessel function
and the exponential function equals zero. Therefore, the value of the Bessel
function of first kind and zero order is one, while the value of first and second order is zero. Consequently, in Eq. 6.1 Ey = Ez = 0 results. Assuming
the Fresnel reflection coefficient Rs (k, θe ) on the object plane and the pupil
function P (θe ) is unity, ignoring any proportional coefficients, Eq. 6.1 becomes
Z θe,max
0
p
cos θe0 sin θe0 (1 + cos θe0 ) exp(−jk∆z cos θe )dθe0 . (6.5)
E (∆z) =
0

Eq. 6.5 may be reformulated in terms of objective coordinates θe according to the sine condition for a perfect lens,
sin θe = M sin θe0 ,

(6.6)

cos θe dθe = M cos θe0 dθe0 .

(6.7)

and the transformation

Assuming the incident angle θe0 on the pinhole is very small, the following approximation can be made:
p
cos θe0 ≈ 1,
(6.8)
0
0
1 + cos θe ≈ 2 cos θe .
1

This argument is similar to consideration in [CK96, Wil90], where a plane object and a point object
are separately studied for confocal illumination. A plane object leads to an additional phase shift of
−j2k∆z cos θe and a point object results in a phase shift of −jk∆z cos θe .
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Consequently, Eq. 6.5 becomes
Z θe,max
2
E (∆z) = 2
sin θe cos θe exp(−jk∆z cos θe )dθe ,
M 0

(6.9)

where θe,max is the maximal aperture angle of the objective lens, i.e. θe,max =
arcsin(NA). Eq. 6.9 can be normalized by writing
E(∆z)
=
V (∆z) =
E(0)

R θe,max
0

sin θe cos θe exp(−jk∆z cos θe )dθe
.
R θe,max
sin θe cos θe dθe
0

(6.10)

Eq. 6.10 is a non-paraxial vector solution. This expression is identical
to the scalar results derived by Kino and Xiao [KC90], in the limit of
infinitesimal pinhole size. The paraxial solution can be obtained by using
the approximation: cos θe ≈ 1. Consequently [CK96],



 sin k∆z(1 − cos θe,max )/2
. (6.11)
V (∆z) = exp − jk∆z(1 + cos θe,max )
k∆z(1 − cos θe,max )/2
The amplitude depth response of a confocal microscope is the square
of the coherent depth response2 . The intensity of the depth response signal I(∆z) is proportional to the square of the amplitude depth response,
therefore, I(∆z) = |V (∆z)|4 . Dropping the coefficient, I(∆z) becomes

 
sin k∆z(1 − cos θe,max )/2 4
I(∆z)point =
k∆z(1 − cos θe,max )/2
(6.12)
 4
 
2
sin k∆z sin (θe,max /2)
=
.
k∆z sin2 (θe,max /2)
The intensity depth response is therefore a sinc function to the power of
4, which corresponds to the single-point depth response for a point reflector. This result agrees with an analytical consideration using non-paraxial
scalar theory in [CK96]. The depth of focus is usually defined as the FWHM

2

A brief deviation is illustrated in [MC03, SC90], where a three-dimensional PSF regarding the axial
and lateral axis is introduced.
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value determined in Eq. 6.13
FWHMpoint =

0.62λ0
.
1 − cos θe,max

(6.13)

If, for example, the sample is assumed to be a perfect mirror, η = 2
results and the depth response can be determined similarly:

 
sin k∆z(1 − cos θe,max ) 4
I(∆z)mirror =
k∆z(1 − cos θe,max )
(6.14)
 4
 
2
sin 2k∆z sin (θe,max /2)
=
.
2k∆z sin2 (θe,max /2)
Apparently, the depth response for a perfect mirror indicates a FWHM
value half as much to Eq. 6.13. However, Eq. 6.14 differs from the derivation in [CK96], where a sinc function to the power of 2 with the same
argument results.
For the conventional brightfield microscope, the depth response can be
formulated as in Eq. 6.15 [WS84, BW99, Wil90]:

 
sin k∆z sin2 (θe,max /2) 2
I(∆z) =
.
(6.15)
k∆z sin2 (θe,max /2)
Consequently, the FWHM value of a conventional brightfield microscope is considerably higher than the corresponding confocal microscope
[She88]
0.9λ0
FWHMbf =
.
(6.16)
1 − cos θe,max

Simulation and measurement results of intensity depth responses of a
confocal microscope with NA = 0.95 and λ0 = 0.5 µm are shown in Fig.
6.4. The black curve indicates the measurement results using a commercial
confocal microscope3 . A VLSI4 step height standard with a nominal step
height of 240 nm is used as measurement object and the depth response on
a plateau position is shown. Additionally, simulation results according to
Eq. 6.12 and 6.14, where η is assumed to be 1 and 2 for point and mirror
3
4

Nanofocus µsurf custom P 320XS: NA = 0.95, with Cyan LED (λ0 = 0.5 µm).
VLSI Standards Incorporated: http://www.vlsistandards.com

Normalized intensity (-)
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Figure 6.4.: Simulated and measured intensity depth response of confocal
microscope, NA = 0.95, λ0 = 0.5 µm.
reflector respectively, show a smaller FWHM value compared to the measurement result. The depth response according to Corle [CK96] indicates
a slightly larger FWHM value and symmetrical side lobes compared to the
green curve corresponding to Eq. √
6.14.
Assuming η = 1 and P (θe ) = cos θe , the simulated depth response is
quite close to the measurement result. Both depth responses indicate no
side lobes and the FWHM values are almost the same. Other experimental investigations of depth response on a plateau surface showed similar
results. Bennett et al. [BLS+ 86] measured an integrated circuit using confocal microscope. The measured depth response on plane surface indicates
no side lobes either
and is mostly close to the simulated one assuming η = 1
√
and P (θe ) = cos θe . Ode [Ode94] performed a confocal measurement on
a plane sample and the depth scan indicate no side lobes either. A reason
that η = 1 is more appropriate for modeling is probably due to the roughness of the plane surface. In that case a plane reflector is regarded as being
composed of point reflectors due
√ to the confocal point-wise illumination.
Therefore, η = 1 and P (θe ) = cos θe is assumed in further modeling.
Furthermore, the pinhole size is not infinitely small in practice and
therefore might affect the optical sectioning property and lateral resolving
power [WC87]. νρ is the radial optical unit related to the pinhole size:
νρ =

kNA
ρ0 ,
M λ0

(6.17)
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where ρ0 indicates the radius of the pinhole in front of the detector and M is
the magnification of the objective lens. The depth discrimination remains
almost constant, if the pinhole size is so large that νρ < 2.5 [WC87]. The
confocal microscope for the measurements utilizes a Nipkow disk with a
pinhole diameter of approx. 20 µm and an objective with a NA of 0.95
and a magnification of 50x. νρ ≈ 2.4 results from the center wavelength
λ0 = 0.5 µm of a cyan LED illumination. According to the analytical study
of Wilson et al. [WC87], the FWHM value should be only slightly larger
than the ideal case of an infinitely small pinhole, which coincides with the
simulation results assuming an infinitely small pinhole well.

6.1.2. Transverse response
The conventional microscope uses a condenser lens to illuminate an
areal sample uniformly using an incoherent light source. The paraxial
intensity PSF of such a microscope without aberration is the well-known
Airy pattern derived from Fraunhofer diffraction, as shown in Eq. 6.18:
2

J1 (kρNA)
,
(6.18)
PSFInc (ρ) =
kρNA
where ρ is the radial distance in a polar coordinate on the detector plane.
In a confocal microscope, as shown in Fig. 6.1, the sample object
is illuminated point by point at a time by the objective. Following the
derivation of Corle and Kino [CK96], the complex field U (x0 , y0 ) reflected
by a point (x0 , y0 ) on the sample can be formulated as the product of the
coherent amplitude PSF of the illumination and the sample reflectance
R(x0 , y0 )
U (x0 , y0 ) = PSFCoh,ill (x0 , y0 )R(x0 , y0 ).
(6.19)
The complex field U (x, y) on the detector is consequently a convolution
of the field on the sample and the coherent amplitude PSF of the detection,
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as shown in Eq. 6.20:
Z ∞Z ∞
x
y
U (x, y) =
PSFCoh,det ( − x0 ,
− y0 )U (x0 , y0 )dx0 dy0
M
M
−∞ −∞
Z ∞Z ∞
(6.20)
y
x
− y0 )
=
PSFCoh,det ( − x0 ,
M
M
−∞ −∞
· PSFCoh,ill (x0 , y0 )R(x0 , y0 )dx0 dy0 ,
where the index “ill” and “det” indicate the illumination and detection
procedure, respectively.
Considering the detector pinhole is placed on the optical axis, i.e. x =
y = 0, as illustrated in Fig. 6.1, the detected intensity is then
Z ∞Z ∞
Iconf (x = 0, y = 0) =
PSFCoh,det (−x0 , −y0 )
−∞ −∞
(6.21)
2
· PSFCoh,ill (x0 , y0 )R(x0 , y0 )dx0 dy0 ,
where the index Iconf indicates the confocal intensity. Therefore, the confocal amplitude PSF is the product of the illumination and detection amplitude PSF [MC03, Web96]. Since no aberration is assumed, PSFCoh,det is
even, i.e. PSFCoh,det (−x0 , −y0 ) = PSFCoh,det (x0 , y0 ). Additionally, assuming the coherent amplitude PSF of the illumination and detection procedure
are the same, it follows from Eq. 6.21 that
2

Iconf = PSF2Coh ∗ R ,

(6.22)

where PSFCoh,ill = PSFCoh,det = PSFCoh .
Therefore, the amplitude PSF of a confocal microscope is simply the
square of PSF2Coh of the corresponding conventional microscope. Consequently, the intensity PSF of a confocal microscope is the square of the
amplitude PSF:

4
J1 (kρNA)
.
(6.23)
PSFInc,conf (ρ) =
kρNA
Furthermore, based on the Richards-Wolf-modeling [RW59] used in the
derivation of the depth response of confocal microscope in Sect. 6.1.1, the
transverse response of confocal microscope can be obtained with little additional effort.
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For the sake of simplicity, the spherical coordinate (rP , φP , θP ) is transformed into cylindrical coordinates (ρP , φP , zP ). The aberration in the
pupil plane of the objective is zero, i.e. Φ(θe ) = 0. Assuming the pupil
function P (θe ) is unity, applying the sine condition in Eq. 6.6 and 6.7, the
non-paraxial intensity PSF of a brightfield microscope results from Eq. 6.2
to 6.4 as the intensity distribution in the focus plane [RW59]:
PSF(ρP ) = |E0 |2 + 2|E1 |2 + |E2 |2 ,

(6.24)

where
2
E0 (ρP ) =
M2

Z

1
E1 (ρP ) =
M3

Z

1
E2 (ρP ) =
M2

Z

arcsin NA

cos θe sin θe J0 (kρP sin θe ) dθe ,

(6.25)

cos θe sin2 θe J1 (kρP sin θe ) dθe ,

(6.26)

0
arcsin NA

0
arcsin NA


cos θe sin θe

0


q
1 − 1 − (sin θe /M )2

· J2 (kρP sin θe ) dθe .

(6.27)

For high magnification M , E1 and E2 are much smaller than E0 and
can be therefore ignored. Consequently, the non-paraxial intensity PSF in
the confocal case is determined by [Web96]

PSFCon (ρP ) = |E0 |2 + 2|E1 |2 + |E2 |2

2

≈ |E0 |4 .

(6.28)

Dropping the coefficient in front of the integral, without polarization
Eq. 6.28 resulting from the vectorial study is almost the same as the
intensity PSF according to the scalar Debye diffraction theory except that
the scalar solution does not include the cosine term [MC03, Gu00]. The
intensity PSF curves for brightfield and confocal microscopy are shown in
Fig. 6.5. The PSF curves according to Eq. 6.23 and 6.28 agree with each
other very well.
The FWHM value of the confocal intensity PSF, also referred to the
single-point resolution, is
FWHM = 0.37

λ0
,
NA

(6.29)

200

CHAPTER 6. CONFOCAL MICROSCOPE AND CONFOCAL INTERFERENCE MICROSCOPE

Intensity PSF (−)

1.0
Brightf. microscope
Eq. 6.23
Eq. 6.28

0.8
0.6
0.4
0.2
0.0
−1 −0.8 −0.6 −0.4 −0.2 0 0.2
ρ (µm)

0.4

0.6

0.8

1

Figure 6.5.: Intensity PSF for brightfield and confocal microscope, NA =
0.9, λ0 = 0.6 µm.
which is about 73% of a standard brightfield microscope [CK96]. Since the
PSFs of the confocal and brightfield microscopes have their zero values at
the same points, it is reasonable to define the Rayleigh resolution as the
distance between the two points when the intensity value between them
has dropped by 26.5% [HZ79, CK96]. Consequently, the shortest distinguishable distance δρ can be calculated:
δρ = 0.56

λ0
,
NA

(6.30)

which is 8% closer than for a brightfield microscope5 .

6.2. Confocal microscope
In this chapter, the Richards-Wolf modeling is applied for confocal
microscopy where the light source is spatially coherent and temporally
incoherent. To validate the modeling, experimental measurements are performed by a commercial confocal microscope.
Consider the following convolution:
2

I = PSFεCoh ∗ R ,
5

For comparison, see Fig. 2.8a.

(6.31)
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where ε is the PSF index, PSFCoh is the coherent amplitude PSF and R is
the amplitude field of the sample reflectance. If ε = 1, I is the coherent
image intensity; if ε = 2, I is the confocal image intensity provided that
the illumination and imaging PSF are both equal to the coherent PSF:
PSFCoh,ill = PSFCoh,det = PSFCoh .
Furthermore,
 
Ex
 
PSFCoh =  Ey  ,
(6.32)
Ez
where Ex , Ey and Ez can be calculated according to Eq. 6.1, and Eq. 6.2
to 6.4. Transforming the spherical coordinates into cylindrical coordinates
and applying the sine condition according to Eq. 6.6 and 6.7, Eq. 6.2 to
6.4 can be reformulated:
Z arcsin NA
2
P1 (θe )P2 (θe ) cos θe sin θe
E0 (x, ∆z, xc ; k) = 2
M 0
· J0 (k|xc |sin θe ) Ec dθe ,
(6.33)
1
E1 (x, ∆z, xc ; k) = 3
M

Z

arcsin NA

P1 (θe )P2 (θe ) cos θe sin2 θe

0

· J1 (k|xc |sin θe ) Ec dθe ,
1
E2 (x, ∆z, xc ; k) = 2
M

Z
0

arcsin NA


P1 (θe )P2 (θe ) 1 −

(6.34)
q

2



1 − (sin θe /M )

· cos θe sin θe J2 (k|xc |sin θe ) · Ec dθe .

(6.35)

with






Ec = Rs (k, θe ) Γ(x, xc ; k, θe ) exp jk ∆z + h(x, xc ) cos θe .

(6.36)

Rs (k, θe ) and Γ(x, xc ; k, θe ) are the Fresnel reflection coefficient and the
shadow factor on the sample surface, respectively. P1 (θe ) and P2 (θe ) are
again the pupil function of the illumination and collecting
lenses. More√
over, according to Sect. 6.1.1, P1 (θe ) = P2 (θe ) = cos θe is assumed, so
that the simulated depth response is closest to the experimental results.
Additionally, the coefficient of the phase term in Eq. 6.36 is one, instead of
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being two in case of bright field illumination in Eq. 5.37. This is because
the illumination on the measurement object is assumed to be point-wise
due to the small illumination pinhole.
Since the magnification M  1, E1 and E2 are much smaller than E0
and therefore ignored in further calculation. Consequently, dropping the
coefficients in Eq. 6.1,
PSFCoh = E0 ,
(6.37)
and

PSFConf = E02

(6.38)

results. The amplitude field distribution for each wavenumber can be determined by taking diffraction into account, which performs an integration
of the amplitude PSF values over the local coordinate6 xc :
Z δx
E(x, ∆z; k) =
E0ε (x, ∆z, xc ; k) dxc .
(6.39)
−δx

Due to the temporal incoherence an integration of the intensity over
all wavenumbers is carried out:

Z

kmax

I (x, ∆z; k) F (k) S (k) dk,

I (x, ∆z) =

(6.40)

kmin

where

I(x, ∆z; k) = |E(x, ∆z; k)|2 .

(6.41)

F (k) and S(k) are again the spectral sensitivity of the camera and the
spectral density function of the illumination.
Assuming h(x) = 0, Rs is spatially variable so that the object is an
intensity-modulated rectangular function, additionally, assuming ∆z = 0,
i.e., no defocus is present, the simulation results should indicate the edge
response for coherent and confocal illumination by assigning the PSF index
ε to be 1 and 2 correspondingly.
The red and blue curves in Fig. 6.6 show the simulation results using the Richards-Wolf modeling, while the black curve is determined by
Fourier optics for coherent imaging. The simulation results of RichardsWolf modeling and Fourier optics show good agreement to each other and
6

A sketch of the local and global coordinate systems regarding the Richards-Wolf modeling is given in
Fig. 5.20.
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Figure 6.6.: Simulated edge responses for coherent and confocal illumination on intensity-modulated amplitude object, NA = 0.95,
λ = 0.6 µm.
the typical “ringing effect” with fringes near the edges [Con66] for coherent
imaging can be observed, while the confocal edge response does not show
any fringes.
The following simulations undergoes a parameter configuration corresponding to the experimental setup of the confocal microscope. A commercial confocal microscope (Nanofocus µsurf custom P 320XS) is applied.
Beside a cyan LED illumination7 with λ0 ≈ 0.5 µm, this instrument features an objective of 50x magnification8 and a NA value of 0.95, leading to
a optical resolution of 0.3 µm according to Eq. 6.309 .
Fig. 6.7 displays the simulated and measured intensity depth response
on plateau and edge positions of a (quasi-perpendicular10 ) VLSI step height
standard with a nominal step height of 240 nm. The simulated and measured depth response on the plateau show a FWHM value of 0.52 µm and
0.59 µm, while they display a broadening at the edge position, indicating
a FWHM value of 0.54 µm and 0.68 µm respectively. The FWHM value
of the simulated depth response at the edge position is approximately 20%
7

Detailed spectrum of the cyan LED was illustrated in Fig. 5.2
The magnification of the tube lens is 0.5x, therefore the total magnification is 25x.
9
However, due to a large pitch size of the camera pixel of 7.4 µm, only a lateral resolution of ca. 0.6
µm can be achieved.
10
Confocal measurement of the VLSI step height indicates an edge width of approximately 1.4 µm.
8
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Norm. depth response (-)

smaller than the measured result, since the Gaussian quasi-perpendicular
edge structure assumed in the simulation may differ from the real edge
profile11 . Additionally, the modulation depth at edge and bottom plateau
decreases due to the shadow effect.
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Figure 6.7.: Simulated and measured intensity depth response on plateau
and edge position of a VLSI step height standard with nominal
step height of 240 nm, NA = 0.95, cyan LED illumination.

6.2.1. Perpendicular edges
Similar to white light interferometry, the simulation results of rectangular gratings with perpendicular edges is closely related to the effective
wavelength λeff . λeff of the depth response can not be directly determined
by Fourier transform, since no interference fringes are available in the depth
response. According to Eq. 6.33, 6.36 and 6.38, the “effective wavelength”
of the confocal depth response is similar to the interferometric case illustrated in Sect. 5.2. To make the interference fringes visible, a reference
arm is added in the simulation model and therefore λeff can be calculated
again. A modeling of the confocal interferometer is explained in Sect. 6.3
in detail. Fig. 6.8 displays the simulation results of a normalized depth
response of a confocal microscope and the interference correlogram of the
corresponding confocal interferometer. Interestingly, the envelope of the
11

Replacing the Gaussian quasi-perpendicular edge structure by measurement result of an AFM instrument may reduce the error.
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Figure 6.8.: Upper diagram: simulation results of normalized depth response of a confocal microscope and the interferogram of the
corresponding confocal interferometer; Lower diagram: power
spectral density of the interferogram and its corresponding
nominal spectrum. NA = 0.95, cyan LED illumination.
interference correlogram indicates a slightly larger FWHM value than the
confocal depth response. The power spectral density of the interference
correlogram is shown in the lower diagram. Consequently, λeff ≈ 630 nm
results as the centroid wavelength of the black-marked part of the spectrum. Additionally, for comparison the nominal spectrum of the cyan LED
is displayed by a bold black curve.
Fig. 6.9 shows simulation and measurement results of a rectangular
grating of a Simetrics RSN standard with Λ = 6 µm and h0 = 191 nm. An
AFM measurement of the grating was already shown in Fig. 5.28, indicating a very small edge width of approximately 0.3 µm so that such an edge
may be considered as perpendicular edge when measured with a confocal
microscope of NA = 0.95 using a cyan LED illumination.
Similar to white light interferometry, batwings occur if the HWR value
is close to 0.25. Although no reference mirror is present in the confocal microscope, interference arises from upper and bottom reflection at an
edge position. If the phase difference of these reflected rays is π, which
corresponds to a HWR value of 0.25, or close to π, destructive interfer-
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Figure 6.9.: Simulation and measurement results of a RSN standard, Λ =
6 µm, h0 = 191 nm, NA = 0.95, Cyan LED.
ence occurs. Another parameter to estimate the batwing effect is the EPR
(edge-plateau-ratio) value, which is the ratio of the modulation depth be-
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tween the depth response at the edge and the plateau position. A small
EPR value implies strong destructive interference of rays reflected from
the upper and bottom plateaus of the edge, therefore strong batwings occur. For h0 = 191 nm, HWR = 0.30 results and consequently batwings
take place. However, another influence factor reduces the batwing effect.
Due to the fact that the confocal microscope utilizes a camera with a pixel
size of 7.4 µm and a magnification of 25x is configured, one pixel corresponds to a size of ca. 0.3 µm on the object plane, which is approximately
the width of the edge. Consequently, the lateral discretization of object
structure becomes significant in the numerical simulation when compared
to the measurement results. Since a lateral discretization of 0.3 µm for
the PSF in Eq. 6.38 would be much too large for numerical simulation,
a lateral discretization of 0.03 µm is firstly performed. Subsequently, the
calculated intensity distribution I(x, ∆z) is down-sampled by averaging to
meet a lateral discretization of 0.3 µm. Fig. 6.9a and 6.9b display the
simulated and measured depth response at plateau and edge positions of
the grating. The simulated results indicate a slightly higher EPR value.
The depth response at the edges has a higher FWHM value both in simulation and measurement results. Additionally, the topography profile, both
in Fig. 6.9c and Fig. 6.9d indicate slight batwings at edge positions. The
batwing height hbat of the measurement results is approximately 16 nm,
which is smaller than 29 nm resulting from the simulation. If no downsampling was performed, the batwing height in simulation would be even
higher due to a lateral “superior discretization”. Different from the simulation result, the measurement result indicates no batwings at some edges,
which is because that the confocal microscope is very sensitive to the local geometry of the edges showing a higher edge width, which may not be
considered as perpendicular edges any more and consequently no batwings
occur. Quasi-perpendicular edges are studied in the following section.

6.2.2. Quasi-perpendicular edges
Simulation and measurement results of a nanostructure fabricated by
focused ion beam (FIB) [KWZ+ 13] are shown in Fig. 6.10. Perpendicular edges are assumed in the simulation. Simulated depth responses
at a plateau and an edge are shown in Fig. 6.10a. Interestingly, the
depth response at the edge has a much smaller modulation depth than
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Figure 6.10.: Simulation and measurement results of a FIB cavity structure, h0 = 150 nm, HWR = 0.24, NA = 0.95, Cyan LED. In
the simulation the edge is assumed to be perpendicular.
the one at plateau. In this case, the EPR value is very small and
EPR = 0.089/1.59 ≈ 0.06. The depth response at the edge is normalized
to have the same modulation depth as the one at the plateau and clearly
shows an asymmetry which leads to batwings at the edge position in Fig.
6.10b. The course of modulation depth indicates an abrupt constriction
at the edge position. The reason of this constriction is very similar to the
phenomena of destructive interference in the white light interferometry, as
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shown in Fig. 5.3 and 5.5. Different as the signal processing in white light
interferometry, no phase evaluation is possible in confocal microscopy. The
depth scan response at each position is regarded as the envelope and different evaluation algorithms can be applied. One common method is to
evaluate the centroid of the envelope part above a defined threshold value.
Another way is an approximation of the envelope by a Gaussian function in
order to determine the maximum of the fitted Gaussian curve subsequently.
The latter approach is applied for the evaluation in this work. The batwing
arises from an asymmetry of the envelope for pixels at the edge positions or
close to the edge positions. In case of h0 = 0.15 µm, HWR = 0.24 results.
consequently, the batwing effect occurs in the simulation.
However, the EPR value in the measurement is 0.56 and is much larger
than in the simulation, as shown in Fig. 6.10c. Correspondingly, the measured topography profile in Fig. 6.10d shows no batwing. Additionally,
the measured profile shows a quasi-perpendicular edge of an edge width of
approximately of 1.2 µm. It can be assumed that the large discrepancy of
the measurement and simulation arises from the quasi-perpendicular edge.
The simulation results of a quasi-perpendicular edge with the same edge
width and step height values are shown in Fig. 6.11.
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(b) Simulation results of topography
profile and modulation depth assuming quasi-perpendicular edge

Figure 6.11.: Simulation results of a FIB cavity structure assuming quasiperpendicular edge, h0 = 150 nm, HWR = 0.24, NA = 0.95,
Cyan LED.
The simulation results agree with the measurement results very well.
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The EPR value becomes 0.61 and no batwing occurs at the quasiperpendicular edge. It can be concluded that for quasi-perpendicular edges
of HWR close to 0.25, the EPR value is much larger than in case of perpendicular edges and the batwing effect may not take place at the edges.
In the strict sense, the occurrence of batwing depends on the local slope of
the edge. For example, if the edge width of the quasi-perpendicular edge is
considerably smaller than the FWHM value of the confocal PSF, batwings
may still occur.
In the following, a step height corresponding to HWR < 0.25 is investigated. Fig. 6.12 shows simulation and measurement results of a FIB cavity
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(d) Simulation results of topography
profile and modulation depth assuming a quasi-perpendicular edge.
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(f) Measurement result of a FIB cavity
with step height of 90 nm.

Figure 6.12.: Simulation and measurement results of a FIB cavity structure. Simulation are performed assuming perpendicular and
quasi-perpendicular edges, h0 = 90 nm, HWR = 0.14,
NA = 0.95, Cyan LED.
structure of a step height of 90 nm, which indicates a HWR value of 0.14.
Simulation results assuming a perpendicular edge are shown in Fig. 6.12a
and 6.12b. The simulated depth response at plateau and edge indicate a
EPR value of 0.39, which is much larger than in case of HWR = 0.24. Consequently, batwings with a height of only a few nanometers occur. If the
step structure indicates a quasi-perpendicular edge, as shown in simulation
and measurement result in Fig. 6.12c and 6.12e, the results demonstrate a
much higher value of EPR than in Fig. 6.12a. Furthermore, the simulation
and measurement results of the edge indicate a more smooth transition
from the upper to the bottom plateau in Fig. 6.12d and 6.12f.
An overview of confocal simulation and measurement results is displayed in Tab. 6.1. Edges with different step heights from 90 nm to 430
nm corresponding to a HWR value 0.14 to 0.68 are investigated. Simulations for both perpendicular and quasi-perpendicular edges are performed
and the results are highly different. The edge width of the Gaussian-like
transition of the quasi-perpendicular edge is parameterized in a way that
it agrees with the evaluated edge width obtained from the measurement
results. Since the aspect ratio is very small, the shadow factor can be ignored. The edge-plateau-ratio EPR and the overshooting of the batwing
hbat are evaluated.
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Simulation
Perpen.
h0 HWR EPR hbat
(-) (nm)
(nm) (-)

Measurement

Quasiperpen.
EPR hbat EPR
(-) (nm) (-)

hbat
(nm)

90

0.14

0.37

3

0.84

0

0.69

0

150

0.24

0.04

160

0.61

0

0.56

5

240

0.38

0.43

12

0.64

0

0.65

0

430

0.68

0.18

53

0.72

0

0.59

0

Table 6.1.: Overview of confocal simulation and measurement results at
different HWR values, NA = 0.95, Cyan LED illumination.

As might be expected, for perpendicular edges the results of the modulation depth and the batwing evaluation related to the HWR value for
a confocal microscope are similar to those obtained for the white light interferometer shown in Tab. 5.2. The EPR value at perpendicular edges
becomes very small due to destructive interference if the HWR is close
to 0.25 or 0.75. Correspondingly, the batwing effect occurs. However, if
quasi-perpendicular edges are assumed, the EPR values become considerably larger and little batwings result. The Measurement results agree with
the simulation results of quasi-perpendicular edges, only small batwings
take place for HWR = 0.24. These phenomena may be again explained
by diffraction. Whether batwings occur at quasi-perpendicular edges depends on the height change within the diffraction area rather than the
total height, as it was shown in Fig. 5.33 for white light interferometry.
However, the effective diffraction area of a confocal microscope is smaller
compared to a white light interferometer with bright field illumination because of its narrower PSF, provided that the NA value and the illumination
wavelength are the same.
Therefore, confocal microscopy is more sensitive to quasi-perpendicular
edges. Even edges with very steep slope should be considered as quasi-
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perpendicular edges, as long as the edge width is of the same size or
larger than the diffraction area. Therefore, for quasi-perpendicular edges
of HWR < 0.25, the batwing effect should decrease compared to perpendicular edges since the height change within the diffraction area is the same
or smaller than the total height. This leads to an even smaller effective
HWR value, which results from the ratio of the height change within the
diffraction area to the effective wavelength and contributes to the batwing
effect. However, for quasi-perpendicular edges of HWR > 0.25, depending
on the local slope of the edge, the effective HWR may theoretically be any
value smaller than the HWR. Additionally, for quasi-perpendicular edges,
more light is reflected back to the objective, which results in a higher EPR
value. Consequently, the batwing effect is further reduced.

6.2.3. SiO2-on-Si grating
In semiconductor industry the measurement of line width and edge determination rely on high-resolution microscopy for quality control and defect analysis. Besides interferometry confocal microscopy offers high speed,
accurate and repeatable surface measurement. SiO2 layers on Si substrate
are commonly fabricated in integrated circuits. Bennett et al. [BLS+ 86]
published an experimental study of the contrast in confocal optical micrographs of semiconductor wafers to achieve improvement of the edge
detection accuracy and hence of line-width measurement. They observe a
smooth variation of the contrast over the edges of deposited layers experimentally during a depth scan. A SiO2 -on-Si grating, for which the height
variation of the layer is comparable with the depth of field of the microscope is measured by a confocal microscope with a NA value of 0.9 and
an illumination wavelength of 0.442 µm. The measured profile is shown in
Fig. 6.13a. The SiO2 layer has a nominal thickness of 0.6 µm while the
widths of the upper and bottom plateau are not mentioned in [BLS+ 86].
The modulation depth for SiO2 -on-Si grating indicates constriction at the
bottom edges which may arise from the shadow effect or destructive interference between the reflected rays of the upper and bottom plateaus.
However, no mathematical modeling and simulation were presented. In
this section, simulation results of such a SiO2 -on-Si grating assuming perpendicular edges is shown in Fig. 6.13b. Same parameters of the confocal
microscope are applied for the simulation.

214

Height (µm)

CHAPTER 6. CONFOCAL MICROSCOPE AND CONFOCAL INTERFERENCE MICROSCOPE

1.5
1
0.5
0

0

5

15

20
x (µm)

Modu. depth (-) Height (µm)

(a) Measurement results of a SiO2 -on-Si grating [BLS+ 86].
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(b) Simulation results of a SiO2 -on-Si grating assuming perpendicular edges and equal
width of the upper and bottom plateaus, Λ = 6 µm.

Figure 6.13.: Simulation and measurement results of a SiO2 -on-Si grating,
h0 = 0.6 µm, NA = 0.9, λ = 0.442 µm.
The simulation results agree well with the measurement results. The
simulated topography profile indicates batwings at the edges of the upper
plateaus as well. The upper plateaus have a considerably smaller width
than the bottom ones, while the course of modulation depth indicates approximately the same width. Additionally, the modulation depth displays
a smooth transition at the edge positions. According to Eq. 6.39 and
6.41, the intensity is proportional to the 4th power of the Fresnel reflection
coefficient. Due to the high difference between the Fresnel reflection coefficients of Silicon and Silicon dioxide, the modulation depth of the upper

6.3. CONFOCAL INTERFERENCE MICROSCOPE

215

and bottom plateau differs dramatically with a ratio of approx. 80 in the
simulation. In practice the ratio will be smaller. One of the reasons is
that a background offset of the illumination is usually present even at high
defocus of the sample while this is not considered in the simulation.

6.3. Confocal interference microscope
Confocal microscopy has a large dynamic range and an optical sectioning capability of less than 1 µm. Furthermore, it offers the advantage
of a superior lateral resolution compared to standard microscopy. Interference microscopy, like Phase Shifting Interferometry (PSI) and WhiteLight Interferometry (WLI), provides the advantage of high axial resolution. Therefore, confocal interference microscopes can be built which combine the respective advantages of confocal and interferometric microscopy.
Ode [Ode94] realized such a combination of a Mirau objective lens with a
confocal microscope to offer better axial and lateral resolution. Hamilton et
al. [HW82] and Cohen-Sabban [CS08] implemented a confocal illumination
in a phase shift interferometer setup to achieve subnanometric axial resolution together with a large measuring range. Consequently, the critical and
time consuming problem of phase unwrapping is no longer needed. Chiu
et al. [CSRA12] utilized a supercontinuum laser as a broadband source to
avoid fringe artifacts caused by the longer coherence length of monochromatic laser. Niehues [Nie16] made an experimental study on confocal white
light interferometry while imaging fine rectangular grating structures.
Instead of only the object field E(x, ∆z; k) in Eq. 6.41 in the model
of a confocal microscope, a reference field must be added for the confocal
interferometer:
I(x, ∆z; k) = |E(x, ∆z; k) + Er (x, ∆z; k)|2 .

(6.42)

The determination of the reference field Er (x, ∆z; k) is quite simple.
Instead of applying Ec in Eq. 6.36 to calculate the object field, the corresponding term Ec,r for the reference arm is independent of depth scanning
and the object height profile:
Ec,r = Rr (k, θe ) .

(6.43)

216

CHAPTER 6. CONFOCAL MICROSCOPE AND CONFOCAL INTERFERENCE MICROSCOPE

Following the same calculation steps of E(x, ∆z; k) in Sect. 6.2,
Er (x, ∆z; k) can be determined. Subsequently, applying Eq. 6.42 and
6.40, the intensity distribution I (x, ∆z) can be calculated.
Before simulation and measurement results are compared to each other,
the confocal Linnik interferometer is introduced in Fig. 6.14, which is implemented by utilizing a digital micromirror device (DMD) [Tex05, Nie16]
of a resolution of 1024 x 768. Each pixel is quadratic and has a mirror
pitch of 13.68 µm. Fig. 6.14 shows a schematic sketch of the confocal Linnik interferometer. Each micromirror can be individually tilted by ±12◦
to an on or off state. In the on state, the light is reflected into the optical system and the micromirror can be regarded as a “point source” for
the purpose of confocal illumination. Otherwise, the light is directed elsewhere. Greyscales can be generated by toggling the mirror on and off by
pulse-width modulation with the corresponding ratio of on time to off time.
A brightfield illumination can be easily achieved by switching all the DMD
micro-mirrors into the on state. In the confocal modus, a line illumination
can be performed by illuminating a part of the object subsequently in each
depth scan [Nie16], which works similarly to a Nipkow-disk to achieve a

DMD
MO 1, MO 2:
Microscope objective lenses
(100x, NA = 0.9)

CCDcamera

Beam splitter
cube

Condenser

White-light LED
with diffuser

Tube lens 2
MO 1
Reference
mirror

Tube lens1
MO 2
Object
Piezo z-stage

Figure 6.14.: Schematic sketch of a confocal Linnik interferometer [Nie16].
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confocal illumination. Although the imaging process works without the
DMD device, a confocal imaging procedure takes place as well. For each
depth scan, a line scanning is performed in 8 steps, i.e. the whole field
of view is split into many rectangular fields, each of which is completely
laterally scanned line-by-line in 8 steps. Consequently, 8 intensity frames
results independently for each depth scan. The interference correlogram
results after a data pre-processing is performed in such a way that the
maximal intensity, namely the confocal one, among 8 intensity values for
each lateral position is chosen, so that the interferogram has the same sample number as the depth scan steps. The signal processing is performed
using the same envelope and phase evaluation for white light interferometer with bright field illumination as illustrated in Sect. 3.1.
A warm-white LED with a center wavelength of approx. 600 nm is used
as light source [Nie16]. However, the original LED used for the measurement is not available any more. Therefore, the measured power spectrum
density (PSD) of a similar warm-white LED (Seoul P4) shown in Fig. 2.20
is used for simulation, which might have a slight difference to the original
LED used for measurement.
Fig. 6.15 shows the simulation and measurement results of interference
correlograms and their spectra on a plateau surface. At first, the simulated
interferogram is normalized to unity and its spectrum of the brightfield interferometer is shown in Fig. 6.15a. The envelope of the interferogram is
determined using Hilbert transform. FWHM = 0.56 µm results, which is
the distance between the two points marked by the red symbol “+”. Additionally, the NA effect is obvious, since the microscope objective provides
a high NA value of 0.9. The centroid wavelength of the PSD is defined
as the effective wavelength λeff . A threshold value is defined and correspondingly the spectrum part marked black contributes to the calculation
of λeff . Consequently, λeff = 680 nm results. In Fig. 6.15b simulation results for a confocal interferometer with the same parameters compared to
the conventional interferometer are illustrated. FWHM = 0.6 µm results
which is approx. the same as in Fig. 6.15a. A significant difference of the
confocal interferogram is that the modulation is considerably higher in the
positive range of the alternating intensity component than in the negative
range. Instead of -0.78 in Fig. 6.15a, the smallest value of the normalized correlogram becomes -0.59. Consequently, the PSD curve increases
for wavelengths higher than 1.5 µm.
The measured interferograms are similar to the simulated ones. The
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(a) Simulated interference correlogram
and its spectrum of a conventional
brightfield interferometer.
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and its spectrum of a confocal interferometer.
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and its spectrum of a conventional
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(d) Measured interference correlogram
and its spectrum of a confocal interferometer.

Figure 6.15.: Simulation and measurement results of interference correlograms and their spectra of a brightfield and confocal interferometer on plateau surface, NA = 0.9, warm-white LED
illumination.
FWHM value of the measured interferogram of the brightfield and confocal interferometer differs, which is 0.74 µm and 0.92 µm respectively.
Since the Hilbert transform is sensitive to the SNR value of the measured
interferogram, a Gaussian filtering of the interferogram is performed before determination of the envelope. Consequently, the determination of
FWHM values depend on the Gaussian filter characteristic as well. While

219

6.3. CONFOCAL INTERFERENCE MICROSCOPE

0.0

0

5

10
15
x (µm)

20

0.4
0.2
0

5

10
15
x (µm)

20

1.0
0.5
0.0

0

5

10
15
x (µm)

20

0

5

10
15
x (µm)

20

4
2
0

(a) Simulation results of topography
profile and modulation depth of conventional brightfield interferometer.

(b) Simulation results of topography
profile and modulation depth of confocal interferometer.
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the modulation of the normalized measured interferogram of the brightfield
interferometer in Fig. 6.15c is more or less symmetrical to the zero-axis, a
considerable asymmetry occurs for the NA in Fig. 6.15d. Correspondingly,
the PSD curve rises for the wavelength range higher than approx. 1.6 µm.
Fig. 6.16 displays the simulation and measurement results of a rectangular profile and the modulation depth of the interferometer. The blue

2
1
0

0

5

10
15
x (µm)

20

40
20
0

0

5

10
15
x (µm)

20

(c) Measurement results of topography
profile and modulation depth of conventional brightfield interferometer.
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(d) Measurement results of topography
profile and modulation depth of NA.

Figure 6.16.: Simulation and measurement results of topography profile
and modulation depth of interferometer with conventional
brightfield and confocal illumination, Λ = 6 µm, h0 =
191 nm, NA = 0.9, warm-white LED illumination.
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and red curve in the upper diagram of each subfigure represents the results of envelope and phase evaluation again. The rectangular grating
with Λ = 6 µm and h0 = 191 nm of the RS-N standard is used for the
simulation and measurement. Simulation results of the topography with
envelope evaluation indicate batwings of height 80 and 63 nm at edge positions for the conventional brightfield and confocal interferometer shown in
Fig. 6.16a and 6.16b, respectively. Additionally, in Fig. 6.16b the batwings
indicate a significantly smaller batwing width12 compared to Fig. 6.16a.
This phenomenon can also be observed in the diagram of the modulation
depth. Furthermore, the modulation depth on the bottom plateau indicates a slightly smaller value than on the upper plateau due to the shadow
effect both in Fig. 6.16a and 6.16b.
The measurement results agree with the simulation results. The
measured profile using the brightfield interferometer shows systematical
batwings in Fig. 6.16c, while for confocal illumination in Fig. 6.16d the
batwings show a smaller width and occur only at some edges. Additionally,
the modulation depth for confocal illumination in Fig. 6.16d indicates a
smaller edge width than brightfield illumination in Fig. 6.16c as well. Since
the PSF is narrower if confocal illumination is used, the corresponding local diffraction area is smaller compared to brightfield illumination. Consequently, similarly as in confocal microscopy, the batwing effect is more
sensitive to quasi-perpendicular edges. A steep edge may be regarded as a
perpendicular edge when measured by a conventional brightfield interferometer, but must be treated as quasi-perpendicular edge when measured
by a confocal interferometer of the same NA value and the same illumination wavelength, if the edge width is smaller than the diffraction area
of brightfield illumination but wider than the diffraction area of confocal
illumination. Same phenomenon occurs in measurement results obtained
by confocal microscope, as shown in Fig. 6.9d. Therefore, if the rectangular grating has edges of different edge widths, the occurrence of batwing
depends on the local slope and height of the edges. Additionally, for both
types of illumination the modulation depth is slightly smaller on bottom
plateaus than on upper plateaus due to shadow effect.
In Fig. 6.16, both simulation and measurement results of envelope
evaluation show a slight overestimation of the rectangular grating height,
if brightfield illumination is applied. This error disappears in the simulation
12

Batwing width is understood as the width of the edge neighborhood, where the height profiles of the
upper and bottom plateaus change.
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(a) Simulation results of topography
profile and modulation depth of conventional brightfield interferometer.
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results of confocal illumination and becomes smaller in the measurement
results. Therefore, the confocal interferometer ensures a more accurate
height determination.
According to the theory and simulation, the confocal illumination
brings a superior lateral resolution to the Linnik interferometer, which can
be recognized if a rectangular grating of a small period is used as measuring object. Fig. 6.17 displays the simulation and measurement results of
a rectangular grating with a period of 0.8 µm. Simulation results of the
topography profile assuming brightfield illumination in Fig. 6.17a indicate
an incorrect reconstruction of the grating height due to ghost steps in the
phase evaluation. Ghost steps occur if the error in envelope evaluation
exceeds ±λ0 /4. The simulation result of the envelope evaluation for the
confocal interferometer in Fig. 6.17b indicates less errors so that only a
small amount of ghost steps appears in the phase evaluation. Consequently,
the height of the rectangular grating can be correctly reconstructed. Additionally, the simulated topography profile of both, envelope and phase
evaluation show an upper and bottom plateau of unequal width due to
shadow effect. The shadow effect can also be observed in the course of the
modulation depth. The measurement results are similar to the simulation
results. In Fig. 6.17c for brightfield illumination less ghost steps occur
compared to the simulation results in Fig. 6.17a, while they completely
disappear in the measurement results with confocal illumination in Fig.
6.17d. The shadow effect can also be clearly observed in the measurement
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(b) Simulation results of topography
profile and modulation depth of confocal interferometer.
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(d) Measurement results of topography
profile and modulation depth of NA.

Figure 6.17.: Simulation and measurement results of topography profiles
and modulation depth of brightfield and confocal interferometer, Λ = 0.8 µm, h0 = 167 nm, NA = 0.9, warm-white LED
illumination.
results by the unequal width and modulation depth of the upper and bottom plateaus. Additionally, a better edge determination can be performed
using the data of the modulation depth rather than the topography profiles.

6.4. Conclusion
This chapter deals with a theoretical and an experimental study of
confocal microscopy and confocal interference microscopy.
Confocal microscopy is introduced concerning its design, working principle and its development in the last decades at first. Subsequently, the
distinguishing features of optical sectioning and superior lateral resolution
are mathematically derived by application of the Richards-Wolf modeling.
The depth response is related to the surface properties of the measuring
object, since the reflected rays undergo a different phase for the same defocus value of the sample, depending on the reflecting properties of the
sample. The simulation result of the depth response is mostly close to the
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measurement result, if the measured plane reflector is regarded as being
composed of point reflectors due to the confocal √
point-wise illumination.
Additionally, an apodization function of P (θe ) = cos θe is assumed.
The Richards-Wolf modeling of a confocal microscope differs in the
following aspects from the modeling of a white light interferometer with
brightfield illumination in Sect. 5.2:
• The light source is spatially coherent. Due to the illumination pinhole, the light source should be considered as coherent. Therefore,
the integration over the incident angle is performed to the electrical
field rather than the intensity.
• The confocal amplitude PSF is the product of the illumination PSF
and the detection PSF due to the illumination and detector pinhole.
For equal illumination PSF and detection PSF, the confocal amplitude PSF is the square of the coherent amplitude PSF.
• The diffraction is considered coherently. Therefore, the amplitude
field distribution is determined by a convolution of the confocal amplitude PSF over the local coordinate of diffraction area, rather than
a convolution of the intensity PSF for the incoherent case of white
light interferometer.
Simulation and measurement results of the depth response on plateau
and edge position of a (quasi-perpendicular) VLSI step height standard
agree with each other, indicating the same signal form without side lobes.
The depth response on plateau position show a FWHM value of 0.52 µm
and 0.59 µm in the simulation and measurement results, respectively, while
the FWHM values at edge position indicate a broadening to 0.54 µm and
0.68 µm, respectively.
Simulation and measurement results of step structures are sensitive to
the local edge slope of the sample due to the fact that the local diffraction
area related to the confocal PSF for instruments with high NA value is
in practice often smaller than the edge width. Similar to white light interferometry, the systematical effect of batwing at edges can be observed
for confocal microscope as well. Firstly, perpendicular edges, of which the
edge width is smaller than the diffraction area, indicate maximal batwings if
the edge height is one fourth of the effective wavelength, i.e. HWR = 0.25,
while the batwings disappear if HWR = 0.5. The “effective wavelength” of
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a confocal depth response is understood as the centroid wavelength of the
power spectral density, which is determined by Fourier transform of the
interference correlogram of the corresponding confocal interferometer with
the same system parameters. Additionally, occurrence of batwings can also
be estimated by the EPR (edge-plateau ratio) value, which is the ratio of
the modulation depth at edge and plateau positions. If HWR = 0.25,
destructive interference occurs at edge positions. Consequently, the EPR
value is small and strong batwings occur. Simulation and measurement
results of the RS-N standard of Λ = 6 µm and h0 = 191 nm with perpendicular edges indicate batwings of height 29 nm and 16 nm, respectively.
However, measurement results of step structures of different step height
values rarely indicate batwings. Measurement of step heights corresponding to a HWR value of 0.14, 0.24, 0.38 and 0.68 are performed and only
the step height of 150 nm (HWR = 0.24) indicates slight batwings. There
are two reasons:
• The edges are quasi-perpendicular. The height change involved in the
local diffraction area is smaller than the total height. Therefore, the
effective HWR value is smaller than the nominal HWR value as well
and depends on the local slope of the edge structure. Additionally,
more light rays are reflected back to the objective. Consequently, the
EPR value increases and the batwing effect decreases.
• The confocal microscope features a camera pixel size of 7.4 µm and
a total magnification of 25x, leading to a lateral discretization of
ca. 0.3 µm on the sample surface. Such a lateral discretization is
large compared to the confocal diffraction area of high NA of 0.95.
Therefore, strong signal averaging takes place in each camera pixel
size and reduces the batwing effect further. However, large pixel sizes
reduce the lateral resolution of the optical instrument as well.
Simulation of rectangular structures with inhomogeneous Fresnel reflection coefficients is performed and compared to measurement results. A
semiconductor SiO2 -on-Si grating is taken as an example. Both, simulation and measurement results, indicate clear batwings. Additionally, the
course of modulation depth indicates a smooth transition from the upper
plateau to the bottom plateau. A great difference of modulation depth at
upper and bottom plateau arises from the high discrepancy of the Fresnel
reflection coefficients of SiO2 and Si.

6.4. CONCLUSION
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The modeling of a confocal interferometer can be extended from the
previous modeling of the confocal microscope by adding the reference wave
coherently. Due to unavailability of the original warm-white LED in the
experimental setup the spectrum data of a similar warm-white LED is used
for simulation. Simulated and measured interference correlograms of a confocal interferometer show a slightly higher FWHM value of the envelope
compared to the one of the conventional brightfield interferometer. A significant difference between the confocal interferogram and the brightfield
interferogram both in simulation and measurement results, is that the modulation of the confocal interferogram is considerably higher in the positive
range than in the negative range, while the interferogram of brightfield illumination indicates a more symmetrical modulation around the zero axis.
Additionally, the power spectral density of the confocal interferogram in
both, simulation and measurement, rises in the high wavelength range,
while it remains very small for the brightfield interferometer.
Both, simulation and measurement results of topography profiles of
the rectangular RSN standard with Λ = 6 µm and h0 = 191 nm indicate
a smaller batwing height if a confocal interferometer is applied. Most importantly, the topography profile of the confocal interferometer indicates
a smaller edge width, which is related to a smaller diffraction area on the
sample due to a narrower PSF. Consequently, batwings occur only at some
edges using the NA, since some edges may not be considered as perpendicular edges anymore. Additionally, the modulation depth of a conventional
brightfield interferometer shows a wide and slow decrease from plateau to
edge. This is because of a larger diffraction area for the brightfield interferometer. Consequently, all edges are perpendicular edges and therefore
batwings occur at each edge position.
Simulation and measurement results of a rectangular grating with a
period of 0.8 µm indicate that the height and edge evaluation of the confocal interferometer is more accurate than of the brightfield interferometer.
Results of phase evaluation suffers from ghost steps if the brightfield interferometer is used while the ghost steps mostly disappear in the simulation
and completely disappear in the measurement results. Additionally, the
shadow effect can be clearly observed in simulation and measurement results from the unequal width and different modulation depth of the upper
and bottom plateaus.
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7. Conclusion and outlook
This dissertation concerns a theoretical and experimental study of the
transfer characteristics of white light interference microscopes and confocal microscopes. Quantitative statements are achieved to characterize the
transfer behavior of white light interferometers and confocal microscopes
with respect to the physical properties of the measuring instrument and
the measurement object.
Mathematical modeling and numerical simulations are performed to
estimate the measurement results of the corresponding instrument. The
parameters of the numerical simulation are consistent with those of the instrument. Furthermore, the simulation and measurement results are evaluated using the same signal processing and evaluation algorithms so that
both results can be compared with each other.
At first, a qualitative modeling using Fourier optics is introduced for
white light interferometry in Chap. 3, which considers partial temporal coherence of the light source and assumes full spatial coherence. An analytical
review and experimental results agree well with the simulation results. The
following conclusions can be drawn from the qualitative study:
• If the height of the rectangular grating is very small (HWR ≈ 0), the
instrument transfer function (ITF) is similar to the linear MTF of
the optical imaging system.
• The instrument transfer function is not linear. The measurement
results of a rectangular grating is highly dependent on the HWR
value. If the HWR is equal or close to 0.25 or 0.75, clear batwings
occur at edge positions. Contrarily, if the HWR is equal or close to
0 or 0.5, the batwings disappear.
• For rectangular gratings with inhomogeneous Fresnel reflection coefficients, e.g., chrome-on-glass gratings, simulation results indicate a
broadening of the chrome plateau and a shrinking of the glass plateau.
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Consequently, a poor lateral resolution of the white light interferometer results.
• Batwings occur at steep slopes of rough surfaces. Evaluation results
of roughness profiles with a short correlation length show an overestimation of the roughness due to the batwing effect, while they agree
well with the original roughness profile if the correlation length is
long enough.
The qualitative modeling is extended to consider dispersion effects in
Chap. 4. An uncorrected geometrical path length in optical system leads
to distorted interferograms including low contrast, broadening of the interferogram and an axial shift of the envelope. However, the phase of the
interferogram keeps nearly unchanged in spite of dispersion. Therefore,
the dispersion effect can be studied by the difference of the topography
files obtained from the envelope and phase evaluation. Systematical effects
drawn from simulations allow to reduce dispersion effects by digital postprocessing. Two kinds of dispersion, namely axial and lateral color can be
clearly observed, if sinusoidal phase gratings are investigated. A modeling
of both kinds of dispersion shows that the uncorrected geometrical path
length arising from axial dispersion is proportional to the local curvature
and the component caused by lateral dispersion is proportional to the local slope and the distance from the optical axis. The simulation results
agree well with the measurement results. The following conclusions can be
summarized concerning dispersion and correction of dispersion effects:
• Dispersion errors caused by axial color are dominant for small fields
of view and high curvature of the measured surface. Lateral color
plays a more significant role if the lateral dimension of the grating is
large. This is often the case if the magnification of the optical system
is small.
• Dispersion errors in white light interferometry can be reduced by numerical compensation of lateral color, since the systematical error
can be estimated by mathematical modeling. At first, a calibration procedure is performed to determine the necessary parameters.
These parameters are used to calculate the dispersion error, which
is compensated by subtraction from the topography profile obtained
by envelope evaluation subsequently. This procedure repeats several
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iterations until no changes of the corrected profile occur anymore. After that, the corrected profile of the envelope evaluation is obtained
and can be used for further phase evaluation. By this numerical approach, errors of envelope evaluation exceeding ±λ0 /4 are eliminated
to enable a correct determination of the fringe order. Consequently,
the phase evaluation no longer suffers from phase jumps. This numerical approach has been approved to be useful and effective in
simulation and experimental results.
• An optical compensation of dispersion errors by ray-tracing is applied. This approach utilizes the software Zemax to optimize the
performance of a Michelson setup by adding corrective lenses to the
beam splitter cube, so that the wavefront propagation is adapted.
Correspondingly, aberration and dispersion can be reduced dramatically. Zemax simulation and experimental measurements confirm
these improvements.
Two methods of signal modeling are presented in Chap. 5 considering
both temporal and spatial coherence. First, Kirchhoff modeling utilizes the
Kirchhoff scalar theory to simulate the diffraction orders for a rectangular
grating and the reference mirror by analytical Fourier series development.
The object and reference rays are superimposed and a lateral low pass filtering defined by the coherent amplitude transfer function takes place in
the pupil plane of the objective lens. Second, Richards-Wolf modeling utilizes a polarized vectorial calculation of the electromagnetic field near the
focus of an aplanatic optical imaging system, where an average over all polarization states considers the unpolarized case. This method is a vectorial
generalization of the scalar Debye approximation. An interference signal
is determined by adding the electromagnetic field of object and reference
rays numerically. Both models integrate the interference intensity over the
incident angles and illumination wavelengths in order to consider limited
spatial and temporal coherence. The following statements are concluded
from these two models:
• Both models determine the effective wavelength arising from an increased fringe spacing corresponding to the NA value. Simulation of
interferograms at plateau and edge positions of different color LEDs
agree well with the measurement results. Quantitative statements of
the NA factor, HWR value and batwing height are achieved, which
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are consistent to the results of the qualitative modeling from Chap.
3.
• The Kirchhoff modeling is extended to enable a three-dimensional
consideration of the diffraction orders in the pupil plane. A heuristical modeling of polarization-dependent edge diffraction is integrated into the Kirchhoff approach. The polarization dependence
of batwings can be qualitatively estimated. For royal blue LED illumination, simulation and measurement results of TE polarization
indicate stronger batwings than in case of TM polarization, which
converses if red LED illumination is applied. However, considerable
deviation between simulation and measurement occurs, since the difference of batwing occurrence for TE and TM polarization is much
higher in real measurements than in simulation. The reasons of this
deviation are discussed in the outlook part.
• The Kirchhoff modeling is not appropriate for topography surfaces
with inhomogeneous Fresnel reflection coefficient and rectangular
gratings with high aspect ratios or quasi-perpendicular edges, while
the Richards-Wolf modeling can be applied for simulation on such
topography surfaces as well. A heuristical modeling of the shadow
effect with regard to the aspect ratio is introduced. Simulation and
measurement results agree with each other well. For rectangular surfaces with inhomogeneous Fresnel reflection coefficient or with high
aspect ratios, the change of the modulation depth is more appropriate
for edge determination rather than the evaluated profile itself.
• The Kirchhoff modeling is mostly analytical and consequently efficient regarding the computation efforts, while the Richards-Wolf
modeling is based on numerical calculation of the local intensity distribution and a subsequent convolution approach, and therefore more
time consuming.
Finally, confocal microscopes and white light interferometers with confocal illumination are studied by modeling and measurements in Chap.
6. The modeling is based again on the Richards-Wolf model with some
changes corresponding to the confocal imaging procedure. Firstly, due to
the illumination pinhole the light source is spatially coherent, so that the
integration over the incident angle is applied to the electrical field rather
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than the intensity. Besides, the confocal amplitude PSF is the square of
the coherent amplitude PSF for equal illumination and detection PSF. Additionally, the convolution of the electrical field is performed to consider
diffraction due to spatial coherence. For the modeling of the confocal interferometer an additional reference arm is added to the object arm with
regard to the amplitude PSF. Measurement results obtained by confocal
microscope and confocal interferometer are compared to the simulation results. The following conclusions can be drawn from the theoretical and
experimental studies:
• The modeling assumes a point-wise illumination, therefore a plane
object may be regarded as being composed of point reflectors. Consequently, the simulated depth response under this assumption is
mostly close to the measurement results.
• An effective wavelength of the confocal depth response can be determined by Fourier transform of the interferogram of the corresponding confocal interferometer. Similar to white light interferometry,
simulation and measurement results of confocal microscopy indicate
batwings at perpendicular edges due to destructive interference of
waves reflected from the upper and bottom plateaus, if the HWR
value is equal or close to 0.25. Consequently, the modulation depth
ratio of edge to plateau, namely the EPR value is low if batwings
occur.
• Simulation and measurement results of confocal microscopes are sensitive to quasi-perpendicular edges. Since the diffraction area due to
a narrow PSF is usually smaller than the edge width in practice, the
effective HWR value differs from the nominal HWR. Besides, more
reflected light is collected by the optical system so that the EPR
value becomes larger. Consequently, measurements of steps indicate
small or no batwings at edges in practice.
• The confocal interferometer indicates an interferogram of a slightly
larger FWHM value than the conventional brightfield interferometer.
The modulation of a confocal interferogram with zero mean is considerably higher in the positive range than in the negative range, while
it is symmetrical for an interferogram of brightfield illumination.
• Simulation and measurement results indicate smaller batwings at the
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RS-N rectangular grating with period of 6 µm and height of 191 nm,
compared to a conventional brightfield interferometer. Additionally,
the batwings indicate a smaller edge width and occur only at some
edges. The modulation depth shows a narrower edge depth as well.
This is again due to the smaller diffraction area related to the narrower PSF so that not all edges can be considered as perpendicular
edges. Furthermore, simulation and measurement results of the RS-N
rectangular grating with a small period of 0.8 µm using the confocal interferometer indicate much less ghost steps and therefore more
accurate results compared to the conventional brightfield interferometer.
This work provides an extensive study of transfer characteristics of
white light interferometers and confocal microscopes. Not only instrument
properties such as NA, pupil funciton, wavelength and polarization of illumination as well as dispersion, but also properties of the measured sample
such as geometrical and material characteristics are taken into account.
However, the modeling and measurement can be improved concerning the
following aspects:
• Consideration of double and higher order scattering: The presented
Kirchoff modeling is not appropriate for rectangular gratings with
high AR value, where double-scatter terms become more significant
[Bru03]. Consideration of double and higher order scattering might
be helpful if a rectangular grating with high AR value or surface
roughness of a rectangular grating needs to be considered.
• Improvement of polarization modeling: The polarization modeling
utilizes a heuristical function of edge diffraction. Polarization influences on batwings are qualitatively simulated and differ considerably
from measurement results. The following procedures may reduce
these deviations:
– Analytical modeling of edge diffraction: The heuristical function of edge diffraction is based on the Sommerfeld half-plane
solution [Dur09] for idealized perfect electric conductor (PEC)
semi-infinite half-planes and therefore differs from the real measurement conditions. An analytical solution of edge diffraction
at rectangular grating structures is more complex but fits the
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experimental conditions better.
– Polarization weighting of diffraction orders: The energy distribution of the diffraction orders depends not only on the grating
period, depth and material of the grating, but also on polarization. So far, polarization weighting of diffraction orders is not
considered. For a more realistic computation taking the polarization dependence of diffraction orders into account a RCWA
approach is referred.
– Dependence of the OTF on polarization: Optical imaging systems with polarization features an asymmetrical OTF with respect to the optical axis, which can be considered in the Kirchhoff modeling by introducing an effective pupil plane. The effective pupil plane differs from a circular pupil plane assumed so
far. For example, the effective pupil plane might be elliptical, i.e.
the semi-major axis of the OTF corresponds to the semi-minor
axis of the PSF and vice versa. Consequently, more diffraction
orders pass through the pupil plane along the semi-major axis
and therefore a better lateral resolution can be achieved along
this axis.
• Improvement of the confocal Richards-Wolf modeling accounting for
artifacts dependent on curved surfaces: Severe artifacts may occur
if curved surfaces are measured by confocal microscopes [MLGO12].
These artifacts can be explained by Gaussian beam propagation. A
defocused wavefront may exhibit a curvature which equals the curvature of the surface profile. Consequently, the depth response can
be distorted in a way that the maximum does not correspond to the
depth scan position in focus. A solution is possible by multiplying
the exponential phase term with a compensating resemblance function to consider the similarity of the current wavefront to the profile
curvature at each depth scan position adequately.
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A. Introduction of Sommerfeld
half-plane diffraction solution
The KED (knife-edge diffraction) is widely applied if practical diffraction phenomena of radio or optical wave propagation is studied. The KED
resulting from a scalar approximation of the Kirchhoff-Helmholtz integral
theorem is polarization-independent and formulated in a way that does not
provide direct physical insight, while the Sommerfeld half-plane diffraction
solution requires solving a set of integral equations under plane-wave incidence and provides a more-rigorous polarization-dependent result [Dur09].
Fig. A.1 displays a sketch for diffraction of a plane wave incident on a
thin semi-infinite plane. θe indicates the incident angle. ρ and β indicate
radius and angle in a polar coordinate system.

Reflection region

θe
Incidence region

β

Plane wave
incidence

α

ρ

Diffraction screen
Shadow region

Figure A.1.: Sketch for diffraction by a thin semi-infinite plane.
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The diffracted electrical field for TE and magnetic field for TM polarization can be formulated in Eq. A.1 and Eq. A.2, respectively [Dur09]:
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with A being a coefficient
A=

E0 exp (jπ/4)
√
,
π

and F {} being the Fresnel integral function:
Z ∞

F {a} =
exp −jτ 2 dτ.

(A.3)

(A.4)

a

α is an angle related to the incident angle: α = π/2 + θe . The arrays
of the plus and minus sign indicate the sign for different regions:
Top sign:

Reflection region, β ≤ π − α
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Incidence region, π − α < β ≤ π + α
Shadow region, β > π + α

Middle sign:
Bottom sign:

The simulation results of Eq. A.1 and A.2 assuming θe = −60◦ for TE
and TM polarization are shown in Fig. A.2.
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Figure A.2.: Diffracted field amplitude of different polarization for an incident plane wave at θe = −60◦ .
The solid line in the graphic indicates the half-plane and the field
amplitude is scaled in dB. TM polarization leads to a higher amplitude
field in the shadow region compared to TE polarization. This physical
phenomenon is qualitatively reproduced in the heuristical modeling of edge
diffraction in Sect. 5.1.3.
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B. Structure of the image field
in an aplanatic system
The Richards-Wolf modeling [RW59] of image field in an optical imaging system is introduced by Eq. 6.1 to Eq. 6.4 in Sect. 6.1.1. Assuming
an arbitrary polarization state defined by an angle αp , which is the angle between the polarization and the incident xz-plane, αp = 0 indicates
TM polarization and αp = π/2 indicates TE polarization. Consequently, a
coordinate transform can be applied to consider arbitrary polarization:
x0 = x cos αp + y sin αp ,
y 0 = −x sin αp + y cos αp .

(B.1)
(B.2)

Additionally, the spherical coordinates in Fig. 6.2 can be calculated
using the Cartesian coordinates:
p
(B.3)
rP = x02 + y 02 + ∆z 2 ,
 0
y
φP = arctan
,
(B.4)
x0
 
∆z
θP = arccos
.
(B.5)
rP
∆z is the defocus, therefore ∆z = 0 is assumed if the PSF is analyzed.
The simulation results of the PSF for TM and TE polarization are displayed in Fig. B.1.
The PSF differs, depending on whether TM or TE polarization is chosen. Both PSF indicate an elliptical contour on the xy-plane. In case of
TM polarization, the semi-major axis corresponds to the x-axis while in
case of TE polarization it corresponds to the y-axis. Consequently, the lateral resolution power is different along the x and y axes. If TM polarization
is applied, the resolution power is higher along the y axis. Therefore, if a
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one dimensional grating structure is measured, the height modulation of
the grating should be placed parallel to the y axis. On the other hand, if
TE polarization is used, the height modulation of the grating should be
placed parallel to the x axis in order to reach optimal lateral resolution.
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(a) PSF of TM polarization.
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(b) Contour plot of PSF of TM polarization.
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(d) Contour plot of PSF of TE polarization.

Figure B.1.: Simulation results of PSF in case of TM and TE polarization,
NA = 0.9, λ = 0.6 µm.
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Abbreviations
AFM

Atomic-Force Microscopy

AR

Aspect Ratio

CCD

Charge-Coupled Device

DFT

Discrete Fourier Transform

DIN

Deutsches Institut für Normung

DMD

Digital Micromirror Device

e.g.

exempli gratia (for example)

EN

Europäische Norm

et al.

et alii, et aliae, or et alia (and others)

FDA

Fourier Domain Analysis

FFT

Fast Fourier Transform

FIB

Focused Ion Beam

FMM

Fourier Modal Method

FWHM

Full Width at Half Maximum

HWR

Height-to-Wavelength Ratio

HPR

Height-to-Period Ratio

i.e.

id est (that is to say)

ISO

International Organization for Standardization

ITF

Instrument Transfer Function

KED

Knife-Edge Diffraction

LCI

Low-coherence interferometry
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ABBREVIATIONS

LED

Light-Emitting Diode

LSF

Line Spread Function

MEMS

Micro-Electro-Mechanical Systems

MTF

Modulation Transfer Function

NA

Numerical Aperture

OPD

Optical Path Difference

OPL

Optical Path Length

OTF

Optical Transfer Function

PDF

Probability Density Function

PSD

Power Spectral Density

PSF

Point Spread Function

PSI

phase shifting interferometry

PTB

Physikalisch-Technische Bundesanstalt

PV

Peak-to-Valley

PZT

Piezoelectric transducer

RCWA

Rigorous coupled-wave analysis

RMS

Root Mean Square

SNR

Signal-to-Noise Ratio

SWLI

Scanning White Light Interferometer

TE

Transverse-Electric

TM

Transverse-Magnetic

UHF

Ultrahigh Frequency

UV

Ultraviolett

VDI

Verein Deutscher Ingenieure

VDE

Verband der Elektrotechnik Elektronik Informationstechnik e.V

WLI

White-Light Interferometry
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Symbols
a, b, c, d

Diverse temporary parameters. a also as Radius of a
circular pupil and complex amplitude a(ν) at frequency
ν; c also as speed of light in vacuum.

αax , αla

Model parameters for axial and lateral color respectively

αk

Parameter indicating the slope of the refractive index
with regard to the wavenumber

α0

Model parameter: α0 = k0 αk αla

χ

NA factor

∆h

Deviation between the real and the measured height profile

∆φ

Phase difference corresponding to height difference on
measurement object

∆ϕ

Phase difference corresponding to an optical path difference, −π < ∆ϕ ≤ π

∆k

Spectral width of light source

∆ν

Frequency bandwidth

δr

Shortest distinguishable distance

δRayleigh

Resolution according to Rayleigh criterion

δSparrow

Resolution according to Sparrow criterion

δz

Axial displacement on the optical axis, or half OPD

∆z

Depth scan position
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SYMBOLS



Radius of spherical surface S

ε

PSF index in signal modeling of coherent and confocal
imaging

~
E
~ o, E
~r
E

Complex electric field

~ o1 , E
~ r1
E

Electric field magnitude of object and reference beam

E0 , E1 , E2

Mathematical terms used to calculate the electromagnetic field or intensity distribution near the focus of an
imaging system

f

Focal length

F

Fourier transform operator

Complex electric field of object and reference beam

F −1

Inverse Fourier transform operator

f0

Cutoff frequency a coherent imaging system, or oscillating frequency of the piezo driven bending beam

fx , fy , fr

Spatial frequencies in x, y and radial direction

φ

Phase of electric field at frequency ν

ϕe

Azimuth angle in three-dimensional consideration of Kirchoff modeling

Φ

Aberration function in the pupil plane

ϕ

Total phase corresponding to an optical path difference

ϕ0

Constant phase introduced due to differences in objectives, misalignment, or beam splitter phase additions

ϕn

Nominal phase difference resulted by height of the rectangular grating

Φ12

Argument of the complex degree of coherence

ϕ1 , ϕ2

Beginning phase of object and reference beam

G

Green’s function

Γ

Shadow factor
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Γ

Edge diffraction function

γ12

Complex degree of coherence

Γ12

Mutual coherence function of light vibration at P1 and
P2

Γ11 , Γ22

Self-coherence of light vibration at P1 and P2

h

Topography height function

H

Amplitude transfer function

h0

Height of Phase grating

i, j

Running index in a loop, j or imaginary unit

I

Wave intensity

IDC

Offset of interference intensity

I0

Amplitude of interference intensity without offset

I1 , I2

Object and reference beam intensity

II , III , IIII , IIV

Interference intensity of PSI corresponding to additional
phase shifts of π/2

=

Operator denoting imaginary part of a complex variable

J0 , J1 , J2

Bessel function of the first kind and order zero, one and
two

k

Wave number

k0
~k

Central wavenumber

kz

z-component of the spatial frequency

κr

Factor in the various imaging resolution criteria

λ

Wavelength

Λ

Period of phase grating

λ0

Center wavelength

λef f

Effective wavelength

Wavenumber vector
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SYMBOLS

lc

Temporal coherence length

n

Refractive index, diffraction order, or index number in a
series of numbers and depth scan index

N

Iteration number

~n

Normal vector

n0

Fringe order

NA

Numerical aperture

∇2

Laplacian operator

ν

Frequency of electromagnetic wave

ν0

Center frequency

o, oc

Origins of global and local coordinate systems

ω

Angular frequency

Ω

Solid angle

P (θ)

Pupil function

P1 (θ), P2 (θ)

Pupil function of the illuminating and collecting lenses

P0 , P1 , P2

Point in space

ψ

Obliquity factor

Φ

Inclination angle of a point on a topography surface

r

optical path length

~r

Position vector

R

Radius, or amplitude field of the sample reflectance

Rr , Rs

Fresnel reflection coefficient of the reference and object
arm

<

Operator denoting real part of a complex variable

~r01 , r01

Vector pointing from P0 to P1 , magnitude of ~r01

~r21 , r21

Vector pointing from P2 to P1 , magnitude of ~r21

r02

Optical path length from P0 to P2
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ρ

radial distance in polar or cylindrical coordinate system,
or pinhole radius in confocal setup

σ

Standard deviation

t

Time

T

Time average which is large compared to the fundamental
period

t0

Time variable for integration

τ

Time difference for light to travel from P1 and P2 to light
source

S, Sε

Closed surface in space, or power spectral density function of light source

tl

Phase transformation function of thin lens

S0 , S1 , S2 , Σ

Surface in space

θ

Incident angle

θmax

Maximal aperture angle

U

Complex wave disturbance

U1 , U2

Complex wave disturbance at P1 and P2

Ul

Field distribution in front of lens

Ul0

Field distribution after lens

V

Volume in space, or normalized amplitude depth response
of a standard or confocal microscope

V

Visibility of interference fringes

x, y, z

Coordinate variables on screen or detector plane, z also
as distance between aperture and screen

x0 , y0 , z0

Coordinate variables on object plane

x1 , y1 , x2 , y2

x and y coordinate value of P1 and P2

xc , zc

Local coordinate variables
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SYMBOLS

ξ, η, ζ

Coordinate variables at pupil plane, or variable in an analytical formulation of dispersion, η and ζ also as modeling
parameters of the shadow factor, ζ also as apodization
index.

Z

Wave impedance

ẑ

Amplitude of the oscillating piezo driven bending beam

zdisp

Chromatically uncorrected geometrical path length

zi

Distance of the pupil plane to the image plane
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Poids et Mesures. Metrologia, 2(1):13–23, 1966.

[Che85]

Y.-Y. Cheng. Multiple-Wavelength Phase Shifting Interferometry. PhD thesis, The Universtiy of Arizona, 1985.

[CHS82]

I. J. Cox, D. K. Hamilton, and C. J. R. Sheppard. Observation of optical signatures of materials. Applied Physics
Letters, 41(7):604, 1982.

[CK96]

T. R. Corle and G. S. Kino. Confocal scanning optical
microscopy and related imaging systems. Academic Press,
1996.

[CK13]

D. Colton and R. Kress. Integral Equation Methods in Scattering Theory. Society for Industrial and Applied Mathematics, Philadelphia, PA, 2013.

[CKK+ 07]
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